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Abstract 
 Given the immense size and complexity of eukaryotic genomes, duplication of 
chromosomal DNA presents a significant challenge for the cell. Therefore, initiation of 
DNA replication must be tightly regulated to ensure stable maintenance of the genome. 
This is achieved at first by the strict sequential binding of ORC, Cdc6, Cdt1 and 
Mcm2-7 forming the pre-replicative complex (pre-RC) and thereby licensing the origin. 
As each origin initiates replication, Mcm2-7 are displaced from it, moving along with or 
ahead of the replication fork as a DNA helicase. The majority of work in recent years 
has focused on identifying the relevant players involved in forming and activating 
pre-RCs, determining the order in which they associate with origins, and characterizing 
their cell cycle regulation. However, little is known about the regulation of these events 
in initiating DNA replication. Our understanding of the mechanism of pre-RC assembly, 
significance of each step, pre-RC structure and how this structure prepares the origin 
DNA for initiation remains limited. In this study, I focused on one of the licensing 
factors, Cdc6, in order to gain further insight into the significance of its regulation 
during the cell cycle. Studies in different systems suggested that despite functional 
similarities, the activity of Cdc6 seems to be differently regulated in different systems. 
Whatever may be the mechanism of regulating Cdc6 activity, all these observations 
suggested the need of controlling Cdc6 during DNA replication and my goal was to 
uncover the significance of this regulation in Xenopus egg extracts. 
 This research made use of the suitability of cell-free extracts of Xenopus eggs to 
analyze the precise and dynamic regulation in the process of origin activation. This 
study finds that Cdc6 is a key regulating factor even after licensing, influencing on the 
activation of Mcm2-7 by controlling the phosphorylation of one of its subunits, Mcm4. 
The molecular analysis of this finding is the main topic of Part 1. In Part 2 and 3, I made 
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use of fragmented and mutants of Cdc6 to dissect the phenomenon in deep and came up 
with another interesting result that Cdc6 likely has an effect on histone chaperone, 
FACT.  
Previous studies showed that although Cdc6 is essential for DNA replication, Cdc6 
becomes dispensable for the initiation of DNA replication once licensing has completed 
and its abundance is tightly regulated in the cell cycle. Therefore, it has been presumed 
that an excess of Cdc6 would result in overreplication or rereplication given the fact that 
Cdc6 is a positive regulator of the cell cycle. To our surprise, this study shows that 
external addition of Cdc6 inhibited DNA replication rather than inducing rereplication 
in Xenopus egg extracts when its concentration was about five times higher than the 
endogenous level. The inhibition by Cdc6 occurred at a step after pre-RC formation and 
before Cdk2-dependent steps as the addition of Cdc6 hardly influenced functional 
pre-RC formation, the chromatin binding of Cdk2, Cdk2-dependent origin firing or 
elongation of nascent DNA. The treatment, however, strongly suppressed 
phosphorylation of Cdc7 and Cdc7-dependent hyperphosphorylation of Mcm4 on 
chromatin. This inhibition was highly specific to Mcm4 as no inhibition of 
phosphorylation was observed for Mcm2 under these conditions. As a result, subsequent 
Cdk2-dependent chromatin loading of GINS complex and Cdc45 was blocked, 
suggesting that DNA replication was arrested after the loading of Cdc7/Drf1 and before 
the hyperphosphorylation of Mcm4. Therefore, I speculate that Cdc6, when present in 
excess, prevents the initiation of DNA replication by modulating the activity of Cdc7 to 
phosphorylate Mcm4 on chromatin, thereby blocking subsequent steps.  
 The interesting finding of the relationship between Cdc6 and FACT is now under 
progress. Until now, I found that Cdc6 destabilized FACT on chromatin, which 
probably occurred after origin licensing, and N-terminal Cdc6 was sufficient to cause 
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this destabilization. The relationship between Cdc6, Mcm4 and FACT will hopefully 
enrich our present understanding of the molecular mechanism of DNA replication 
initiation and Cdc6 function. Further analyses using various fragmented and mutant 
versions of Cdc6 will help us investigate this relationship in future and I am now on the 
way to it.  
 The main achievement of this study is the discovery of a novel regulatory mechanism 
of the initiation of DNA replication signifying the importance of a strict regulation of 
Cdc6 function during the course of DNA replication. The challenge in the future will be 
to decipher how Cdc6 functions together with other factors for replication initiation to 
turn the licensed origin into a replicating one. 
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Part 1 
Regulation of the initiation of DNA replication by Cdc6 
 
1 Introduction 
 
 The discovery that DNA has a base-paired double-helical structure was a landmark in 
20th century biology because it suggested an obvious mechanism for how genetic 
information is replicated and transmitted to daughter cells. Since then, the basic proteins 
involved in DNA replication, such as DNA polymerases and helicases, have been 
discovered and extensively studied. Now we are beginning to reveal the mechanisms by 
which DNA replication is initiated at particular positions on chromosomes, called 
origins, and to determine why replication occurs only during S phase and how 
over-replication of the genome is avoided. Although yeasts have been the frequent 
subjects of study in eukaryotic DNA replication, DNA replication in metazoans is not 
identical to that in yeasts and in fact has a number of unique characteristics. That is why 
different approaches from several viewpoints have been carried out using 
multiinformative biochemical tools. This chapter will introduce the basics of DNA 
replication, related mechanisms and experimental system I have used in this study. 
1.1 Cell Cycle 
 The cell cycle is a critical regulator of the processes of cell proliferation and growth as 
well as of cell division after DNA damage. It governs the transition from quiescence 
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(G0) to cell proliferation, and through its checkpoints, ensures the fidelity of the genetic 
transcript. It is the mechanism by which cells reproduce, and is typically divided into 
four phases.  
 
 
 
 
 
 
 
 
Figure 1-1-1. A schematic representation of the cell cycle. 
 The periods associated with DNA synthesis (S phase) and mitosis (M phase) are 
separated by gaps of varying length called G1 and G2 (gap 1 and gap 2). G1 and G2 are 
characterized by protein and RNA synthesis, but no DNA synthesis. S (synthesis) is the 
period of DNA synthesis. M (mitosis) is the period when the ell divides. G0 is a 
"resting" stage and may be omitted when cells are continuously cycling. The timing of 
the cell cycle and the relative lengths of the various stages depend on the specific type 
of cell and on the local conditions. At the completion of cell division, the daughter cells 
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may re-enter the cell cycle or may undergo terminal differentiation. 
1.2 DNA Replication  
   1.2.1 Origin licensing 
 The eukaryotic genome is organised into multiple chromosomes, whose replication 
must be strictly controlled in order to ensure that the DNA is replicated once and only 
once in each cell cycle. DNA replication initiates from multiple origins, whose 
activation can be divided into two stages. In the first stage, pre-RCs are assembled at 
replication origins by the sequential binding of the origin recognition complex (ORC), 
Cdc6, Cdt1 and Mcm2-7 (the MCM/P1 proteins). This assembly takes place during late 
mitosis and G1, and results in the origin becoming "licensed" for DNA replication. 
“Licensing” mechanism ensures that DNA replication occurs once and only once in 
each cell cycle and was first proposed by Blow and Laskey in 1988. The basic concepts 
of origin licensing are listed below: 
(1) Licensing factors are essential for DNA replication. 
(2) Licensing factors associate with chromatin before S phase. 
(3) Licensing factors are degraged or become inactivated as DNA replication proceeds. 
(4) Licensing factors cannot cross nuclear membrane, therefore, cannot bind DNA until 
nuclear envelope breaks down in next M phase ensuring a single round of DNA 
replication in each cell cycle.  
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Figure 1-1-2 Steps of origin licensing in eukaryotes.  
 Therefore, origins licensed in G1 phase can only respond to signals for DNA 
replication in S phase. The following M phase enables licensing factors to activate 
origin again and prepares for the DNA replication in the next cell cycle. The factors 
directly involved in licensing are ORC, Cdc6, Cdt1, and Mcm2-7 complex.  
   1.2.2 The initiation of DNA replication 
 The second stage occurs during S phase and involves the activation of licensed origins 
by the action of two S phase-promoting kinases: S-phase promoting cyclin-dependent 
kinases (CDKs) and Cdc7/Dbf4 (DDK), leading to the loading of Cdc45 and the 
formation of a pair of replication forks. 
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 In metazoans, Mcm10 and the protein kinase Cdc7/Dbf4 are the first factors to be 
loaded onto pre-RCs, and their loading is Mcm2̽7-dependent. Mcm10 and Cdc7 enable 
the loading of several additional factors such as GINS and Cdc45, whose binding is also 
dependent on Cdk2/Cyclin E. The binding of Cdc45 and GINS to pre-RC is 
interdependent and converts this structure into a pre-Initiation Complex (pre-IC). 
 Formation of the pre-IC is the last known event that occurs before origin unwinding, 
which is accompanied by chromatin loading of the single-stranded DNA-binding 
protein complex, RPA. Once the origin has been sufficiently unwound, DNA 
polymerase (pol) α loads and synthesizes an RNA primer, which it then extends to 
form a short DNA primer. The presence of a DNA primer allows loading of the 
polymerase clamp, PCNA, by the clamp-loader complex, RFC, followed by loading of 
pol δ. 
 
 
 
 
 
 
Figure 1-1-3. Schematic representation of the steps to initiation of DNA replication in 
eukaryotes. 
Phosphorylation of 
Mcm2-7 complex 
DNA synthesis 
Origin licensing 
Cdc7 
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 The final stage of DNA replication, elongation, involves the coordinated synthesis of 
nascent strands. Studies in yeast clearly show that, in addition to DNA polymerases, 
elongation also requires Mcm2-7, Cdc45, and GINS, all of which localize to replication 
forks. On the other hand, it is unknown whether Mcm2̽7, Cdc45, or GINS are also 
required for elongation in metazoans. 
1.3 Cdc6: the central character of this study 
 Saccharomyces cerevisiae Cdc6 protein and its homolog in Schizosaccharomyces 
pombe, Cdc18, were identified almost three decades ago in temperature-sensitive 
cell-cycle mutants showing defects in the initiation of replication. In both yeasts, the 
protein is essential for the initiation of DNA replication and for loading the Mcm2-7 
proteins onto chromatin. Cdc6 binding to mammalian and Xenopus chromatin in in vitro 
replication systems has also been shown to be a crucial early step in higher-eukaryotic 
DNA replication, and reduction in levels of Cdc6 is commonly associated with loss of 
proliferative capacity in human cells. Furthermore, Cdc6 inactivation seems to be an 
important event during programmed cell death to prevent a wounded cell from 
replicating and to facilitate its death. 
   1.3.1 Structure of Cdc6 
 Xenopus Cdc6 (XCdc6) is a 554 amino acid protein representing a band around 63 kDa 
by SDS-PAGE. 
The important features of Cdc6 are listed below.  
1. N-terminal domain (NTD) is regulatory and is not directly involved in pre-RC 
assembly. 
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2. The N-terminal region contains a putative nuclear localization signal.  
3. Human Cdc6 1-192 amino acid region binds to Cdt1, but decreases Mcm2-7 loading. 
The critical elements lie between amino acids 125-165. 
A. 
 
 
 
      B. 
 
 
 
 
Figure 1-1-4. A. Secondary structure of Pyrobaculum aerophilum Cdc6 constituting of 3 major 
domains: domain I, II and III. Domain I containing ATPase motif and domain III containing 
winged-helix domain (WHD) required for DNA binding are connected with domain II. B. 
Schematic representation of the structural features of Cdc6. 
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4. XCdc6 residues 143-164 form anȘ-helix that stabilizes the interface of the two 
domains that comprise the nucleotide binding site.  
5. Majority of the SP or TP motifs are phosphorylated by CDK. 
Cdc6 is a good substrate for cyclin E-, A-, B-associated CDKs and Ser 54, 74, 106 
are known to be phosphorylated by CDKs in human cells. Two of these lie in close 
proximity to conserved destruction boxes recognized by the anaphase promoting 
complex (APC/C). The first Ser 54 is next to an RXXL-type destruction box while 
the second (Ser 74) is near a KEN-type destruction box. The RXXL motif is found 
in all of the vertebrate Cdc6 sequences, while the KEN box is present in all of the 
vertebrate Cdc6 sequences except XCdc6a, an isoform of Cdc6, specific for early 
Xenopus embryos. Xenopus embryos also lack Cdh1, which is involved in 
recognizing the KEN box. CDK phosphorylation-dependent masking of destruction 
boxes in Cdc6 directly prevents APC/C-dependent proteolysis.  
6. The N-terminal domain shows significant homology to the ATPases associated with 
various cellular activities (AAA+) family of ATPases and encompasses a 
characteristic purine nucleotide binding site composed of Walker A and Walker B 
motifs. An intact Walker A motif is necessary for efficient XCdc6 chromatin 
association, whereas an intact Walker B motif is critical for Mcm2-7 loading and 
XCdc6 dissociation from chromatin. 
7. Cdc6 functions in the formation of pre-RCs at a step after ORC binding, and its 
recruitment requires ORC, but how does Cdc6 bind to chromatin? Recent structural 
data based on the archaebacteria Pyrobaculum aerophilum Cdc6 protein and 
sequence comparisons have identified a winged-helix domain in the C-terminal 
region of Cdc6 proteins. Winged-helix domains are present in a number of 
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transcription factors and are responsible for protein̽DNA interactions. Although 
evidence for DNA binding of Cdc6 by this domain is still lacking, it is attractive to 
speculate that Cdc6 might contact chromatin through the winged-helix motif, 
perhaps by protein-protein interactions with the ORC.  
The essential function of Cdc6 is to load the Mcm2-7 complexes onto chromatin, 
and studies in different systems support the idea that this is dependent on Cdc6 
binding and hydrolyzing ATP. Cdc6 is a member of the AAA+ family of proteins 
and, interestingly, is similar in sequence to the replication factor RF-C that loads 
PCNA onto DNA. Based on this observation, it has been suggested that Cdc6 might 
perform a function similar to that of polymerase clamp loaders in the 
ATP-dependent loading of Mcm2-7 complexes around DNA.  
8. C-terminal two-thirds of Cdc6 can restore DNA replication to ~20% of wild-type 
XCdc6 activity. 
9. Low concentrations of Cdc6 that are sufficient to replicate DNA efficiently can 
form functional hetero-oligomers. It has been shown previously that Xenopus and 
human Cdc6 forms complexes in solution and this kind of oligomerization is greatly 
stabilized in the presence of DNA and other DNA replication components. 
1.4 Xenopus Egg Extract Cell-free System: a powerful tool for biochemical 
analyses 
 Cell-free extracts derived from the eggs of Xenopus laevis are a powerful experimental 
system to study genomic DNA replication in higher eukaryotes. DNA templates (either 
plasmid DNA or Xenopus sperm chromatin) added to these extracts are packaged into 
nuclei and then replicated in a semiconservative manner under normal cell cycle control. 
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This process occurs rapidly and efficiently, and can be extensively manipulated in order 
to elucidate underlying biochemical mechanisms.  
 In contrast to budding yeast, where replication initiates at defined origin sequences, 
replication in Xenopus egg extracts initiates at apparently random DNA sequences. 
Importantly, replication in egg extracts requires the initiation factors ORC, Cdc6, 
Mcm2-7, Cdk2, Cdc7, and Cdc45, and initiation in Xenopus embryos is similarly 
sequence independent. These observations argue that the mechanism of initiation in 
Xenopus egg extracts is physiological, and for convenience, the sites where replication 
initiates in this system are referred to as "origins." 
 This cell-free system has proven extremely useful for studying initiation and elongation 
of genomic DNA replication, the spatial organization and structural requirements for 
DNA replication, the relationship of S phase to other phases of cell cycle, and the 
regulatory system which limits DNA replication to once per cell cycle. 
 
 
 
 
 
Figure 1-1-5. Xenopus egg extract cell-free system. 
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2 Purpose of this study 
 
 The field of DNA replication has made enormous progress during the last decade. 
Relevant players have been identified one after another, and the order in which they 
bind origins or how they are regulated during the cell cycle have been the main 
attractions of scientists. However, our understanding of the mechanism of pre-RC 
assembly, significance of each step, pre-RC structure and how this structure prepares 
the origin DNA for initiation remains limited. Cdc6 has been one of these well-cultured, 
yet ambiguous topics.  
 The fate of Cdc6 during cell cycle stages varies in different organisms. In yeasts, 
phosphorylation of Cdc6 (or its homologue Cdc18 in Schizosaccharomyces pombe) by 
Cdks targets it for ubiquitin-dependent proteolysis. Cdc6 is rapidly phosphorylated and 
degraded when yeasts enter S phase, but Cdc6 is comparatively stable in frog eggs and 
mammalian cells. In metazoans, chromatin-bound Cdc6 persists throughout S phase and 
G2 and is degraded during G1 through ubiquitination by APC/C. During S phase and 
G2, however, the majority of the soluble (non-chromatin bound) Cdc6 appears to be 
exported out of the nucleus in a Cdk-dependent manner. The majority of the data 
showing Cdc6 nuclear export in S phase were obtained by over-expression of Cdc6. 
Surprisingly, a recent study focusing entirely on endogenous Cdc6 showed that even 
non-chromatin bound Cdc6 may remain nuclear throughout S phase. Despite this 
persistence of Cdc6 on chromatin or in nuclei later in the cell cycle, it has been shown 
in Xenopus that once DNA has been licensed, efficient DNA replication no longer 
requires the presence of Cdc6. In human, Cdc6 mutants that lack Cdk phosphorylation 
sites block initiation of DNA replication in some studies (Jiang et al., 1999, Herbig et al., 
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2000), but not in others (Petersen et al., 1999; Pelizon et al., 2000). Moreover, although 
such Cdc6 mutants accumulate in the nuclei assembled in Xenopus egg extracts where 
they support initiation of DNA replication, they do not induce endoreduplication 
(Petersen et al., 1999; Pelizon et al., 2000). 
 The importance of regulating Cdc6 function is evident in fission yeast, where 
overexpression of the homologous protein, Cdc18, leads to multiple rounds of DNA 
replication without an intervening mitosis. However, misregulation of Cdc6 function is 
not sufficient to induce over-replication in S. cerevisiae and higher eukaryotes as 
over-replication is not observed even when an unphosphorylatable (and hence 
undegradable) mutant of Cdc6 protein is overexpressed. A recent study in S. cerevisiae 
has shown that replication is controlled by at least three overlapping mechanisms, which 
involve phosphorylation of the ORC, down-regulation of Cdc6 activity and 
phosphorylation of the Mcm2-7 complex, which results in removal of the Mcm2-7 
complexes from chromatin and their nuclear exclusion. Similarly, redundant 
mechanisms are likely to exist in higher eukaryotes, and the multiple levels of 
regulation of pre-RCs could explain why disrupting Cdc6 regulation in humans and 
Xenopus is not sufficient to induce over-replication.  
 All the above studies in different systems suggested that despite functional similarities, 
the activity of Cdc6 seems to be differently regulated in different systems. Whatever 
may be the mechanism of regulating Cdc6 activity, all these observations suggested the 
need of controlling Cdc6 during DNA replication and a goal of the present research was 
to uncover the significance of this regulation in Xenopus egg extracts. 
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3  DNA replication under additive Cdc6 conditions 
 
3.1 Purification of recombinant Cdc6 
 In order to gain insight into Cdc6 function during DNA replication, GST-fused 
recombinant Cdc6 (rCdc6) was produced in E. coli. Purified protein fraction was 
electrophoresed in SDS-10% polyacrylamide gel and stained with Coomassie Brilliant 
Blue. rCdc6 was identified by Coomassie Staining (Figure 1-3-1A) and was 
reconfirmed by Western Blotting (Figure 1-3-1B). 
 
 
 
 
 
 
Figure 1-3-1. Purification of recombinant GST-Cdc6 (rCdc6). A. Coomassie Brilliant Blue 
staining of rCdc6 fractions at different stages of purification. B. rCdc6 fractions at different 
stages of purification were subjected to SDS-PAGE and immunoblotted for Cdc6. 
 
 
 
A. B. 
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3.2 DNA replication is strongly inhibited in rCdc6-supplemented extracts 
 In order to learn the consequences of high levels of Cdc6 during chromosome 
replication in Xenopus egg extracts, DNA synthesis was measured in interphase extracts 
supplemented with various concentrations of rCdc6.  
 
 
 
 
 
 
Figure 1-3-2. DNA synthesis was inhibited in rCdc6-supplemented extracts. (A) DNA 
synthesis in Xenopus egg extracts supplemented with various concentrations of GST-Cdc6. 
DNA synthesis was assayed after 90 min of incubation by incorporation of radioactivity into 
nascent DNA from [a-32P]dATP. (B) Time course of DNA replication in extracts supplemented 
with buffer or GST-Cdc6 (700 nM). Amount of DNA synthesized at 0, 30, 45, 60, 90 min was 
assayed by incorporation of radioactivity into nascent DNA from [a-32P]dATP. 
  
To our surprise, as the concentration of Cdc6 increased, the amount of the newly 
synthesized DNA decreased drastically between 500 nM and 700 nM concentration and 
DNA replication was completely inhibited at as low as 800 nM (Figure 1-3-2A). For a 
A. B. 
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double check, we examined the time course of DNA replication in extracts 
supplemented with or without GST-Cdc6 and a complete inhibition was confirmed in 
GST-Cdc6-supplemented extracts (Figure 1-3-2B). The inhibition was observed 
typically around this concentration, which varied slightly depending on the preparation 
but the overall tendency remained the same.  Throughout this study, I used 700 nM of 
rCdc6 unless mentioned otherwise.  
3.3 Evaluation of rCdc6 activity 
 To exclude the possibility that the inhibition was caused by non-protein component in 
the preparation, rCdc6 fraction was boiled and added to Xenopus egg extracts to 
compare with non-treated fraction. While non-treated rCdc6 caused complete inhibition 
of DNA replication, boiled fraction or the same concentration of BSA did not cause 
significant suppression of DNA synthesis (Figure 1-3-3).  
 
 
 
 
 
Figure 1-3-3. Evaluation of rCdc6 activity. Egg extracts were supplemented with buffer, 
rCdc6, denatured rCdc6 fraction and BSA. DNA synthesis was measured after 90 min of 
incubation. 
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 To confirm that the rCdc6 preparation was functional, I assayed GST-Cdc6 for its 
ability to replace the native Cdc6 after immunodepletion of the egg extracts (data not 
shown). The result confirmed that depletion of the egg extract with antibodies raised 
against Cdc6 abolished the ability to support replication of sperm chromatin and the 
replication capacity was restored by addition of GST-Cdc6 indicating the fraction was 
fully functional.  
 In addition, we used N-terminal His-FLAG-tagged Cdc6 to confirm that this inhibition 
was not caused by GST tag fused to Cdc6 (data not shown). Finally, I repeated the 
experiment using Cdc6 fraction partially purified from Xenopus egg extracts, which was 
also able to block DNA replication sufficiently. These data support the conclusion that 
Cdc6 blocks DNA replication at higher concentrations in Xenopus egg extracts. 
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4 Cdc6 and DNA replication checkpoint pathways 
 
4.1 Checkpoint pathways  
 Studies with yeast, invertebrates, frogs, and mammals have revealed sets of proteins 
that play roles in the signaling pathways involved in responding to extrinsic and 
intrinsic damage during S phase. DNA damage checkpoints are biochemical pathways 
that delay or arrest cell cycle progression in response to DNA damage. Originally a 
checkpoint was defined as a specific point in the cell cycle when the integrity of DNA 
was examined (“checked”) before allowing progression through the cell cycle. Although 
the checkpoint pathways are operational during the entire cell cycle and hence may slow 
down the cell cycle at any point during the four phases, the most renowned checkpoint 
pathways are G1/S, intra-S, G2/M, and mitotic spindle checkpoints. The DNA damage 
checkpoint, like other signal transduction pathways, conceptually has three components: 
sensors, signal transducers and effectors (Figure 1-4-1). 
 
 
 
                                                                                                                                         
Figure 1-4-1. Schematic representation of the basic steps of checkpoint pathways. 
Replication stress/DNA damage 
damage 
Sensors 
Transducers 
Effectors 
Slowing down or pause 
in the cell cycle 
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   4.1.1 Sensors 
   ATM  
 DNA double strand breaks (DSBs) can take place during unperturbed DNA replication 
as a consequence of stalled forks or oxidative stress. Moreover, DSBs are necessary in 
cellular processes such as meiosis. Ataxia telangiectasia-mutated protein (ATM) has a 
major role in sensing this particular type of damage and a complex of three proteins 
Mre11, Rad50 and Nbs1 (Xrs2 in yeast) termed the MRN complex that contributes to 
recruitment of active ATM to sites of DSBs. Mre11 has an exonuclease activity while 
Rad50 and Nbs1 stimulate Mre11 enzymatic activity. Nbs1 has also a BRCA1 
C-terminal domain (BRCT) that is responsible for protein̽protein interactions between 
checkpoint-related molecules. 
   ATR/ATRIP 
 While hATM seems to play a key role in responding to DSBs after ionizing radiation 
(IR), hATR (Atm- and Rad3-related) is activated after a wider variety of insults 
including UV light, HU-dependent replication inhibition and DNA methylation by 
methyl methane sulfonate (MMS). ATR, the primary S phase checkpoint kinase, plays 
roles in both damage sensing and DNA replication. This is in contrast to ATM which 
may only sense damaged DNA. In fact, the broader spectrum of ATR activating signals 
correlates with the much higher lethality of ATR loss. ATR binds to ATRIP which 
works as a regulatory subunit. Deletion of ATRIP renders the cell effectively ATR-null. 
ATR can phosphorylate both ATRIP and RPA although the relevance of such 
phosphorylation is not known currently. The ATR/ATRIP complex associates with 
RPA-coated DNA independently of any checkpoint proteins, which suggests that this 
complex directly recognizes damaged DNA. ATR not only binds to damaged DNA but 
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has also been shown to interact with replicating DNA. To associate with unperturbed 
DNA replication forks, the ATR/ATRIP complex requires the previous loading of RPA 
on replicating ssDNA. This event does not require Pol α suggesting that ATR 
appearance in replicating forks takes place even before Pol α recruitment. The early 
association of ATR with replication forks is consistent with its newly identified role in 
the modulation of the timing of origin firing during unperturbed replication. Other ATR 
functions in the absence of stress could include scanning for changes in the speed and 
processivity of polymerases or in the extent of ssDNA accumulation at the fork. In all 
cases, full activation of ATR/ATRIP requires the independent loading of a second 
complex, Rad17/9-1-1, onto DNA. 
   4.1.2 Transducers 
   Chk1 & Chk2  
 In humans, there are two kinases, Checkpoint kinase 1 (Chk1) and Checkpoint kinase 2 
(Chk2), with a strictly signal transduction function in cell cycle regulation and 
checkpoint responses. These kinases were identified based on homology with yeast 
scChk1 and scRad53/spCds1, respectively. ATM or ATR phosphorylate these kinases 
as a direct consequence of checkpoint activation and these phosphorylated forms of 
Chk1 and Chk2 are good markers of ATM/ATR-dependent checkpoint pathways in 
biochemical experiments. Both Chk1 and Chk2 are S/T kinases with moderate substrate 
specificities. In mammalian cells, the double-strand break signal sensed by ATM is 
transduced by Chk2 and the UV-damage signal sensed by ATR is transduced by Chk1. 
However, there is some overlap between the functions of the two proteins.  
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   4.1.3 Effectors 
 In humans, three phosphotyrosine phosphatases, Cdc25A, -B, and - C, dephosphorylate 
the Cdks that act on proteins directly involved in cell cycle transitions. Phosphorylation 
of these Cdc25 proteins by the checkpoint kinases creates binding sites for the 14-3-3 
adaptor proteins, of which there are 8 isoforms. Phosphorylation inactivates the Cdc25 
by excluding them from the nucleus, by causing proteolytic degradation, or both. 
Unphosphorylated Cdc25 proteins promote the G1/S transition by dephosphorylating 
Cdk2 and promote the G2/M transition by dephosphorylating Cdc2 phosphotyrosine. 
 
 
 
 
 
 
 
(adapted and modified for clarity from Paulsen et al., 2007 and Sancar et al.,) 
Figure 1-4-2. Summary of  the G1/S checkpoint (left) and DNA damage checkpoint (right). 
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4.2 Signal propagation at the stalled fork 
(1) During the initiation phase of DNA replication the pre-RC MCM complex and 
CDC45 load onto origins of replication. RPA binds to regions of single stranded 
DNA. ATR/ATRIP complexes are then loaded onto chromatin by direct binding to 
RPA. After Pol α primase loading, Rad17/9-1-1 complexes are recruited to the 
newly unwound fork. It is not clear if the ATR/ATRIP complexes are actively 
signaling at this stage.  
(2) During the elongation phase of DNA replication the RFC/PCNA clamp loading 
complex is loaded onto DNA. The DNA Pol δ and/or e complex extends the 
leading strand and Pol α synthesizes the lagging strand. Claspin is bound to the 
fork and Chk1 has a role in the maintenance of fork stability.  
(3) Mediators and Chk kinases 1 and 2 are recruited to sites of damage and are 
phosphorylated within nuclear foci. While mediators can contribute to the 
effectiveness of the S phase checkpoint in an effector kinase-independent manner, 
activated Chks are released from foci and phosphorylate their targets CDC25 and 
perhaps p53. p53 transcriptional activity might be modulated to ensure the 
reversibility of the arrest.  
 Studies have shown that HuCdc6 can trigger a checkpoint response involving Chk1 as 
a result of mitotic catastrophe or the presence of Cdc6 during S phase is essential for the 
checkpoint kinase Chk1 to become activated in response to replication inhibition, 
however how Cdc6 itself mediates cell cycle has not yet been known.  
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4.3 Cdc6 inhibits DNA replication without activating ATM/ATR-dependent 
checkpoint pathways 
   4.3.1 Immunoblot analysis 
 Previous works show that presence of Cdc6 during S phase is essential for a checkpoint 
kinase, Chk1, to become activated in response to replication inhibition (Oehlmann, 
2004). During mitotic exit in Saccharomyces cerevisiae, Cdc6 cooperates with Sic1 to 
directly inactivate Cdks (Calzada et al., 2001), which is thought to be mediated by 
activation of the Chk1 checkpoint kinase. Therefore, I set out to examine whether 
inhibition of DNA replication by Cdc6 observed in this study involved 
ATM/ATR-dependent checkpoint pathways.  
 
 
 
Figure 1-4-3. Cdc6 addition did not activate checkpoint pathways. Nuclei were isolated 
from extracts treated with aphidicolin or GST-Cdc6 (700 nM) in the presence or absence of 
caffeine (5 mM) and immunoblotted for phospho-Chk1.  
 
After an incubation of sperm nuclei in Cdc6-supplemented extracts for 90 minutes, 
nuclei were isolated and immunoblotted for phospho-Chk1-S345, as Chk1 is 
phosphorylated on Ser345 by ATR in response to a variety of genomic insults (Liu et al., 
2000; Guo et al., 2000; Zhao and Piwnica-Worms, 2001). Aphidicolin is known to 
caffeine 
Chk1-P 
H3 
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trigger ATR-dependent checkpoint pathways resulting in the phosphorylation of Chk1 
and was used as a control. Caffeine is used in biochemical experiments as an inhibitor 
of ATM and ATR. 
Figure 1-4-3 shows that aphidicolin induced Chk1 phosphorylation, which was blocked 
by addition of caffeine consistent with it being a consequence of activation of 
ATM-ATR checkpoint pathways. On the other hand, no phospho-Chk1 band was 
detected in Cdc6-supplemented extracts. This result suggested the possibility to exclude 
the activation of ATM/ATR-dependent checkpoints from potential mechanisms that 
might have involvement in Cdc6-dependent replication inhibition. 
   4.3.2 Replication assays by the incorporation of radioactivity 
 To further assess the involvement of caffeine-sensitive checkpoint pathways, I adopted 
replication assay in the presence of GST-Cdc6 to see whether its inhibition was blocked 
by addition of caffeine.  
 
 
 
 
Figure 1-4-4. Cdc6 did not activate caffeine-sensitive checkpoint pathways. Extracts 
supplemented with buffer or caffeine were treated with either EcoRI or GST-Cdc6 (700 nM). 
DNA synthesis was measured after 90 min of incubation. 
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Sperm chromatin was added to extracts supplemented with EcoRI or GST-Cdc6 in the 
presence or absence of caffeine and the amount of synthesized DNA was measured after 
an incubation of 90 min. Consistent with previous results, EcoRI blocked DNA 
replication, which was rescued by addition of caffeine, reflecting the inhibition of 
EcoRI-dependent Chk2 activation by caffeine. However, addition of caffeine did not 
overcome the inhibition of DNA replication caused by the addition of GST-Cdc6 
(Figure 1-4-4). Therefore, I speculate that inhibition of DNA replication by Cdc6 in 
undisturbed S phases does not involve ATM/ATR-dependent checkpoint pathways. 
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5 Effect of addition of Cdc6 during the course of DNA 
replication. 
Next, I sought to determine the step at which DNA replication was arrested by Cdc6 
addition. To address the issue, I added GST-Cdc6 at different time points during DNA 
replication and measured DNA synthesis by the radioactivity incorporated into DNA 
(Figure 1-5-1). 
 
 
 
 
 
Figure 1-5-1. Cdc6 inhibited DNA replication at an earlier step. A scheme of the assay (left). 
GST-Cdc6 (700 nM) was added at indicated times after sperm addition and DNA synthesis was 
measured after 90 min of incubation in total (right). 
 
Whereas the addition of GST-Cdc6 at an earlier stage caused complete inhibition of 
DNA synthesis, adding GST-Cdc6 later than 30 min did not show any repression. In our 
experimental system, pre-RC formation reaches peak around 15-20 min while origin 
firing occurs followed by DNA synthesis during the next 60-70 min. Therefore, I 
decided to clarify the influence of excess Cdc6 on licensing, origin firing or elongation.  
extracts 
sperm  
DNA 
measurement of DNA synthesis  
90 min after the  
addition of sperm DNA 
rCdc6 at  
indicated times 
[a-32P]dATP 
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6 Effect of Cdc6 on DNA synthesis 
6.1 DNA Polymerases 
DNA polymerase proceeds along a single-stranded molecule of DNA, recruiting free 
deoxy-nucleotide-triphosphates (dNTPs) to create hydrogen bond with their appropriate 
complementary nucleotide on the template strand (A with T and G with C), and to form 
a covalent phosphodiester bond with the previous nucleotide of the synthesizing strand. 
The energy stored in the triphosphate is used to covalently bind each new nucleotide to 
the growing second strand. There are different forms of DNA polymerases, e.g. pol a, d, 
e, z etc. Since DNA polymerase cannot start synthesizing de novo on a bare single 
strand, it needs a primer with a 3'OH group onto which it can attach a dNMP.  
6.2 Aphidicolin: a DNA polymerase inhibitor 
Aphidicolin, a tetracyclic diterpenoid isolated from Ceph-alosporium aphidicola is a 
potent inhibitor of DNA replication. It specifically inhibits replicative DNA 
polymerases, and was found to inhibit mitotic division of sea urchin embryos while not 
affecting nondividing cells. The drug proved to be instrumental in identifying pol a as 
a major eukaryotic replicative polymerase. Aphidicolin also specifically inhibits pol d 
and e, while not affecting DNA methylation or RNA, protein, and nucleotide 
biosynthesis. 
Aphidicolin competes with each of the four dNTPs or binding to a pol a-DNA binary 
complex and thus should not be viewed as a dCTP analogue. Kinetic evidence shows 
that inhibition proceeds through the formation of a pol a-DNA-aphidicolin ternary 
complex. This decreases the size of nascent strands and the inhibition of replication 
 40 
forks in turn activates an ATM-ATR checkpoint response that inhibits further origin 
firing. 
6.3 Strategy and assay designing 
 The data described in the previous chapters show that Cdc6 is likely to regulate DNA 
replication at an early stage of DNA replication. The final step in replication initiation is 
the loading of the replicative DNA polymerases. After origin unwinding, pola is 
recruited to origins and synthesizes short RNA primers for leading and lagging strand 
synthesis. As a step to find the outer boundary of the window of action of additive Cdc6, 
its effect on DNA polymerase was examined next. To pursue this, an experiment was 
designed in light of chromatin transfer technique in previous reports. 
 In this experiment, aphidicolin, an inhibitor of DNA polymerase, was added to extracts 
and incubated for 60 min at 23˚C. In these extracts DNA replication stops before DNA 
synthesis starts. The nuclei were then isolated (aphidicolin nuclei) to wash aphidicolin 
away and incubated for a further 90 min in extracts supplemented with buffer, rCdc6 or 
aphidicolin. In these extracts the stalled replication fork regains its ability to start DNA 
synthesis. If an excess of Cdc6 has a negative effect on an elongation of the nascent 
strand, DNA replication will be impaired in the extracts containing excess Cdc6.  
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6.4 DNA synthesis was not inhibited by additive Cdc6 
As was mentioned above, aphidicolin blocks DNA polymerases, therefore, chromatin 
preincubated with aphidicolin arrests before elongation.  Nuclei were then isolated in 
nuclear isolation buffer and transferred to fresh extracts supplemented with buffer,  
GST-Cdc6 or aphidicolin.  
 
 
 
 
 
 
Figure 1-6-1. Cdc6 did not affect nascent DNA synthesis. A schematic representation of the 
nuclear transfer assay (left). Amount of DNA synthesized in extracts containing buffer,  
aphidicolin (40 ng/mL) or GST-Cdc6 (700 nM) supplemented with untreated sperm chromatin 
or aphidicolin nuclei (right). 
Figure 1-6-1 shows that aphidicolin nuclei fully supported DNA replication even in the 
presence of rCdc6 while non-treated sperm nuclei failed to replicate in the presence of 
additive Cdc6. This result indicates that Cdc6 inhibits DNA replication at a step that is 
before the synthesis of nascent DNA. 
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7 Effect of additive Cdc6 on Cdk2-dependent steps 
 
 Now the targets are concentrated on to a window covering a range from licensing to 
origin firing. If we look at this stage, we can see two kinases acting independently and 
parallelly – Cdc7/Dbf4 (DDK) and Cdk2. First Cdc7 is loaded onto chromatin only after 
origins become licensed and phosphorylates mainly Mcm2, Mcm4 and Mcm7. This 
phosphorylation further stimulates activation of Cdk2, and depending on Cdk2 function, 
GINS complex and Cdc45 are recruited onto chromatin and activate the putative 
Mcm2-7 helicase. As it has been shown in previous chapter that Cdc6 inhibits DNA 
replication at a step before DNA synthesis, the next interest was to investigate the effect 
on Cdk2. 
7.1 CDKs: the major regulator of the cell cycle 
 CDKs are proline-directed serine/threonine protein kinases that play essential roles in 
the regulation of eukaryotic cell division. The enzymatic activity of CDKs is modulated 
by protein-protein interactions as well as by both inhibitory and activating 
phosphorylations. Association with regulatory subunits named cyclins that are 
synthesized and degraded in a cell-cycle-dependent manner activates CDKs. Cyclin 
binding provides the CDK with targeting domains important for substrate selection and 
subcellular localization, which in turn determine the biological specificity.  
 The first CDK to be identified, Cdc2, was initially discovered as a gene essential for 
both G1/S and G2/M transitions in the S. pombe cell cycle. Cdc2 homologues were 
subsequently found in all eukayotes, including humans, where it is referred to as Cdk1. 
CDKs phosphorylate a variety of structural and regulatory proteins, many of them 
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involved in cell division. Cyclins comprise a diverse family of proteins that were 
identified in sea urchin eggs and later found to be present in all organisms from yeast to 
man. They all share a conserved sequence of 100 amino acids, named the cyclin box, 
which is necessary for CDK binding and activation. 
 A broadly accepted view of the cell cycle considers that cyclin D-bound Cdk4 and 
Cdk6 are involved in the early G1 phase, whereas Cdk2 bound to either cyclin E or 
cyclin A regulates the G1/S transition and S phase progression, respectively. Further 
cell cycle progression is regulated by Cdk1-cylin A at the S/G2 transition and 
Cdk1-cyclin B at the G2/M transition and M phase progression. Recently, the 
generation of gene-targeted mice has called into question the importance of Cdk4 and 
Cdk6 for cell cycle entry after mitogenic stimuli as well as the requirement of Cdk2 for 
the mitotic cell cycle. Likewise, proliferation of mouse cells appears to be much less 
dependent on D- and E-type cyclins than was originally anticipated. These findings 
have led to the proposal of a revised model of the mammalian cell cyle.  
7.2 p21: an inhibitor of CDK 
 p21 protein regulate cyclin–CDK complexes in the cytoplasm. p21 acts as a bridge 
between cyclin D and Cdk4 to promote their association. Following binding, p21 
protein enhances the nuclear translocation of the complex. Once in the nucleus, nascent 
cyclin-D–Cdk4 complexes titrate p21 from Cdk2, thereby inducing cell-cycle 
progression. Upon cell-cycle arrest, the level of p21 proteins increases, saturate D-type 
proteins and then bind to cyclin-E–Cdk2 to block the catalytic activity of the kinase. 
 Based on structural studies, it is believed that an α-helix of p21 protein initiates a first 
contact with the cyclin, and that a second helix then inserts deep inside the catalytic 
cleft of the CDK subunit, thereby blocking ATP loading. Important Cdk2 
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conformational changes further lock the catalytic cleft in an inactive form. Surprisingly, 
the vast majority of cyclin-D̽Cdk4 complexes contain p21 or p27, predicting that cells 
should contain no active Cdk4. Nevertheless, several studies argue that this 
conformation represents the active state of the cyclin D complex and that low 
concentrations of p21 protein inhibit Cdk2 but not Cdk4/6. Since the activated form of 
Cdk2 is located in the nucleus, only nuclear forms of p21 protein should probably be 
considered as catalytic inhibitors of Cdk2. 
7.3 Strategy and assay designing 
I exploited similar protocol described in chapter 6 using Cdk2 inhibitor, p21, instead of 
aphidicolin in order to determine whether Cdc6 influences Cdk2-dependent processes 
(Strausfeld et al., 1994; Chong et al. 1995; Mimura and Takisawa 1998). As it was 
described in previous section, p21 inhibits Cdk2 thus blocking Cdc45 loading and the 
initiation of DNA replication but not licensing. Also blocking Cdk2 activity by addition 
of p21 has no significant effect on the activity of Cdc7/Dbf4 kinase. Therefore, in p21 
treated extracts, DNA replication stops after Cdc7-dependent steps but before Cdc45 
dependent unwinding of DNA. So, if the chromatin isolated from p21 treated extracts 
fail to replicate in extracts containing excess Cdc6, it can be said that Cdc6 has a 
negative effect on Cdk2-dependent steps. 
 45 
7.4 DNA replication is inhibited at a step before Cdk2-dependent pathways 
 
 
 
 
 
 
 
Figure 1-7-1. Cdc6 did not inhibit Cdk2-dependent pathways. A scheme of the nuclear 
transfer experiment (left). Amount of DNA synthesized in extracts containing buffer,  p21 (5 
ng/mL) or GST-Cdc6 (700 nM) supplemented with untreated sperm chromatin or p21 nuclei 
(right). 
 
Nuclei were isolated from extracts treated with p21 (p21 nuclei) to arrest chromatin 
before Cdk2 activation. Similar to aphidicolin nuclei, p21 nuclei were also fully 
competent to support DNA replication in rCdc6-supplemented extracts (Figure 1-7-1). 
These results suggest that Cdc6 inhibits DNA replication at a step earlier than  
Cdk2-dependent events. 
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8 Influence of additive Cdc6 on origin licensing 
 
8.1 Introduction 
   8.1.1 ORC 
 Pre-RC assembly at origins of DNA replication is essential to license chromosomes 
before initiation of DNA synthesis occurs during S phase of the cell division cycle. 
Formation of pre-RC requires the origin recognition complex (ORC), Cdc6, Cdt1, and 
ATP.  ORC, a six-subunit, ATP-dependent DNA-binding protein, binds to specific 
DNA sequences at origins of DNA replication and is the foundation for pre-RC 
assembly. The Orc1 and Orc5 subunits are known to interact with ATP, but only the 
interaction between the Orc1 subunit and ATP is required for DNA binding and is 
essential in yeast. ATP hydrolysis by ORC is required for multiple rounds of Mcm2-7 
loading. Once ORC is bound to origin DNA, the ORC ATPase is reduced or blocked. 
Binding of Cdc6 to ORC is a key step in the assembly of the pre-RC.  
   8.1.2 Cdt1 and Geminin 
 Cdt1 is essential in G1 for licensing of origins for DNA replication and is inhibited in S 
phase both by binding to geminin and degradation by proteasomes. Overexpression of 
Cdt1 or downregulation of geminin causes re-replication of DNA. DNA re-replication 
causes genomic instability, activation of checkpoint pathways and eventually cell death 
or cell transformation. Therefore, Cdt1 is tightly regulated during the cell cycle to make 
sure that cells do not re-replicate their DNA. Phosphorylation of Cdt1 by Cdk2 
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promotes its binding to Skp2-SCF E3 ubiquitin ligase, but the Cdk2/Skp2 mediated 
pathway is not essential for the degradation of Cdt1 in S phase. 
   7.1.3 Mcm (Mini chromosome maintenance) proteins 
 The Mcm2-7 complex controls the once per cell cycle DNA replication in eukaryotic 
cells. In a process known as DNA replication licensing, it primes chromatin for DNA 
replication by binding origins of DNA replication during the late M to early G1 phase of 
the cell cycle. Activated by S phase promoting protein kinases, the origin-bound 
Mcm2-7 complexes unwind the double stranded DNA at the origins, recruit DNA 
polymerases and initiate DNA synthesis. Coupled with the initiation of DNA replication 
in the S phase, the Mcm2-7 complexes move away from replication origins as a 
component of the DNA replication fork, likely serving as DNA helicases. Their 
departure deprives replication origins the ability to re-initiate DNA replication for the 
reminder of the cell cycle. Because of its vital role in genome duplication in 
proliferating cells, deregulation of the Mcm2-7 function results in chromosomal defects 
that may contribute to tumorigenesis.  
 The Mcm proteins are highly expressed in malignant human cancer cells and 
pre-cancerous cells undergoing malignant transformation. They are not expressed in 
differentiated somatic cells that have been withdrawn from the cell cycle. Therefore, 
these proteins are ideal diagnostic markers for cancer and promising targets for 
anti-cancer drug development. 
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8.2 Cdc6 does not affect functional pre-RC formation 
   8.2.1 Immunoblot analysis  
 Next, I examined the chromatin binding of various proteins during pre-RC formation. 
Chromatin was isolated from egg extracts supplemented with or without rCdc6. 
Consistent with a previous paper (Coleman et al., 1996), Orc1, Cdc6 and Cdt1 
associated rapidly with chromatin, and loading of Mcm2-7 followed (Figure 1-8-1). 
Importantly, no significant alteration in the chromatin binding of Orc1, Cdt1 and 
Mcm2-7 was observed in rCdc6-supplemented extracts although there was slight 
decrease in Mcm2, 4 and 6 loading. I later confirmed that this decrease occurred at 
concentrations (800 nM) of Cdc6 higher than that needed to cause sufficient inhibition 
(700 nM), and I also checked that even this lower amount of Mcm2-7 complex is 
enough to trigger DNA replication in fresh extracts (data not shown). Therefore, at 
present stage, I would prefer to say that rCdc6 does not significantly alter chromatin 
binding of Mcm2-7 proteins to inhibit DNA replication. 
 
 
 
 
Figure 1-8-1. Chromatin binding of proteins during origin licensing. Chromatin was 
isolated at indicated time points from extracts supplemented with buffer or rCdc6 (800 nM). 
Isolated chromatin was subjected to SDS-PAGE and immunoblotting. 
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Previous findings show that geminin binds Cdt1 and inhibits Mcm2-7 loading resulting 
in stabilization of ORC and Cdc6 on chromatin at this condition. Consistent with this, in 
the presence of geminin, Cdc6 remained at high levels on the chromatin and Mcm2-7 
loading was completely inhibited. These results suggest that Mcm2-7 loaded in 
rCdc6-supplemented extracts are functional for the licensing and presence of excess 
Cdc6 causes no significant alteration in the chromatin binding of ORC, Cdt1 or 
Mcm2-7.  
   8.2.2 Additive Cdc6 did not hamper functional pre-RC formation 
I next attempted to confirm that the Mcm2-7 proteins loaded in rCdc6-supplemented 
extracts are competent for DNA replication. Sperm DNA was incubated in egg extracts 
supplemented with buffer or rCdc6 and chromatin was isolated after an incubation for 
30 min to allow sufficient time for the Mcm2-7 loading.  
 
 
 
 
 
 
 
Figure 1-8-2. Mcm2-7 loaded in Cdc6-supplemented extracts are fully functional. A 
scheme of the chromatin transfer experiment (left). Sperm chromatin was incubated in extracts 
supplemented with buffer or rCdc6 for 30 min. Chromatin was isolated and transferred to fresh 
extracts+/- rCdc6 
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extract containing geminin. DNA synthesis was measured after 90 min in the 2nd incubation 
(right). 
Chromatin was then isolated and transferred to fresh geminin-treated extracts so that the 
origins licensed in the first extract could only initiate replication in the second extract. 
As the result, incorporation of radioactivity confirmed that DNA replication activity 
was almost the same for chromatin isolated from rCdc6-supplemented extracts to that 
from non-treated extracts (Figure 1-8-2), suggesting that addition of Cdc6 does not 
affect functional origin licensing and the Mcm2-7 complexes can support DNA 
replication sufficiently. 
 I further investigated whether Cdc6 destabilized chromatin-bound licensing factors by 
supplementing rCdc6 after sperm addition. To achieve this, rCdc6 was added at 
indicated timepoints (Figure 1-8-3) after the addition of sperm chromatin. Chromatin 
was isolated after a total incubation of 20 min.  
 
 
 
Figure 1-8-3. rCdc6 did not destabilize Cdt1 or Mcm2-7.  rCdc6 was added at indicated 
timepoints after the addition of sperm chromatin. Chromatin was isolated after a total incubation 
of 20 min and immunoblotted subsequently.  
 
As the figure shows, addition of rCdc6 after the addition of sperm did not alter 
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chromatin binding of Cdt1. However, the amount of Mcm2-7 loaded onto chromatin 
increased compared to when Cdc6 was added simultaneously with sperm chromatin (0 
min). This result suggests that Cdc6 does not at least destabilize chromatin-bound Cdt1 
or Mcm2-7. The precise mechanism of the increase in Mcm2-7 loading is not clear yet. 
Next, I sought to determine whether inhibition of DNA replication was due to 
Cdc6-Cdt1 imbalance. Although Cdt1 can bind chromatin independently of Cdc6, a 
strict sequential binding of Cdc6 and Cdt1 is required for functional origin licensing 
(Tsuyama et al., 2005) and apparently proper interaction between Cdc6 and Cdt1 is 
necessary for functional pre-RC formation. Therefore, it is possible that excess amount 
of Cdc6 may hamper this interaction thereby blocking DNA replication. To test this 
possiblity, we added various amount of GST-Cdt1 in the presence or absence of 
caffeine to rCdc6-supplemented extracts and DNA synthesis was measured 
subsequently. 
 
 
 
 
 
Figure 1-8-4. Inhibition of DNA replication by Cdc6 was not rescued by addition of Cdt1.   
Indicated amounts of GST-Cdt1 was added to extracts supplemented with rCdc6 plus or minus 
caffeine (5 mM). DNA synthesis was measured 90 min after the addition of sperm DNA.   
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Caffeine was added to exclude the influence of ATM/ATR-dependent checkpoint 
pathways because it has been shown in previous studies that excess Cdt1 can induce a 
checkpoint response (Davidson et al., 2006). As the result shows, addition of GST-Cdt1 
could not rescue the inhibition of DNA replication caused by rCdc6 addition suggesting 
strongly that this blockage of DNA replication was not due to the imbalance of 
Cdc6-Cdt1 amount.  
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9 Influence of additive Cdc6 on phosphorylation state of 
subunits of Mcm2-7 complex 
 
9.1 Post-translational modifications of subunits of Mcm2-7 complex 
Modifications of Mcm proteins 
 Mcm proteins are known to be modified by a variety of covalent attachments including 
phosphorylation, acetylation, and ubiquitylation. These modifications may provide the 
mechanisms for cells to distinguish different pools of Mcm proteins in the nucleus and 
to activate distinct functions of these proteins in vivo. 
(1) Phosphorylation 
 The functions of at least two kinases are required for S-phase initiation: DDK, which 
phosphorylates primarily Mcm2 and Mcm4 but also other Mcm proteins, and CDK. 
Other kinases may also be involved. There is evidence for phosphorylation of Mcm4 
and other Mcm proteins that is not CDK or DDK dependent. Additionally, a recent 
study suggests that Mcm4 may be a target of the ATR-Chk2 checkpoint kinase pathway 
in response to replication arrest caused by HU. Thus, the Mcm proteins are targets of 
both positively and negatively regulated by phosphorylation events. Mcm4 was 
previously reported to be phosphorylated in Xenopus egg extracts (Pereverzeva et al., 
2000) and specific residues of the Mcm4 N-terminal segment can be phosphorylated by 
DDK both in vitro and in vivo. The phosphorylated forms of Mcm4 cause mobility shift 
on SDS-PAGE, and have been shown to facilitate the interaction with Cdc45 in fission 
yeasts (Masai et al., 2007). A number of CDK target sites have also been identified in 
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the same N-terminal segment of Mcm4 and are likely involved in negative regulation.  
The S/T sites may be preferred phosphorylation sites of Cdc7 kinase in Mcm4 and the 
N-terminal of Mcm2 also contains multiple copies of this sequence, and there are at 
least parts of phosphorylation sites mediated by DDK . The phosphorylation of Mcm2 
by DDK is facilitated by prior phosphorylation by CDK (Masai et al., 2000). 
Furthermore, the N-terminal region of Mcm6 from yeasts also contains similar 
phosphorylation sites.  
 The identity of the phosphatase(s) that dephosphorylates Mcm proteins remains a 
mystery. The only evidence for a phosphatase associated with Mcm2-7 function is the 
observation that protein phosphatase 2A is required for binding of Cdc45 to the pre-RC.  
   (2) Ubiquitylation 
 Ubiquitin is a small peptide that is covalently linked to lysine residues in the target 
proteins. Chains of ubiquitin target proteins for degradation by the proteasome. More 
recent studies have indicated that ubiquitin and the related peptides SUMO and NEDD8 
can also modify proteins to regulate them and can affect localization or protein 
association in addition to protein stability. Although there is not yet evidence for 
sumoylation or neddylation, it is likely that the MCMs will be substrates for a broad 
range of related modifications. 
 Genetic experiments with budding yeast identified an allele of UBA1, a 
ubiquitin-conjugating enzyme, as a suppressor of an mcm3 mutant. This suggested that 
Mcm3 may be negatively regulated by ubiquitylation. Subsequent studies reveal that a 
fraction of wild-type S. cerevisiae Mcm3 is polyubiquitylated in vivo, although the 
consequences of this are not yet clear. Human Mcm7 is polyubiquitylated by the 
ubiquitin ligase E6-AP, which acts with the papillomavirus HPV-18E6 protein to form a 
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virus-specific ubiquitin ligase. Data suggest that this targets Mcm7 for turnover by the 
proteosome. A homotypic binding site for the ligase was identified between residues 
633 and 654 of Mcm7, defining an "L2G box," (S/T)xxxLLG. In vivo studies show that 
Mcm7 is also polyubiquitylated in the absence of the E6-AP protein, suggesting that it 
is a substrate for ubiquitylation even in noninfected cells. 
 While the steady-state level of bulk MCMs remains fairly constant, as described above, 
it is possible that a fraction of MCMs are subject to regulated turnover. This could 
provide one mechanism to define functional pools within this abundant protein family. 
   (3) Acetylation 
 Acetylation is now appreciated as a significant modification for many cellular proteins 
and is not limited to histones. As described above, the histone aceyltransferase 
PCAF/Gcn5 is reported to stimulate replication from a viral origin by contributing to the 
acetylation of polyomavirus T antigen, a viral helicase similar to MCMs. This suggests 
that the interaction of MCMs with other HATs such as Hbo1 may result in MCM 
acetylation. Therefore, the target of the HATs to which MCMs bind may not be histones 
but may be MCMs themselves. 
  Mcm3 protein is acetylated in mammalian cells by a protein called MCM3AP, which 
was originally isolated in a two-hybrid screen for Mcm3 interactors. The acetylated 
Mcm3 is associated with the chromatin and is not observed in cells arrested in G2/M, 
which suggests that acetylation is involved in regulating Mcm3 specifically during G1/S, 
when it is chromatin bound. Curiously, MCM3AP inhibits DNA replication in a 
cell-free system, suggesting that it is a negative regulator; however, it clearly functions 
positively by promoting Mcm3 nuclear localization and chromatin binding.  
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9.2 Cdc7/Dbf4 kinase 
 Cdc7 is a serine/threonine kinase, conserved from yeast to humans, and is required for 
the initiation of DNA replication. Although Cdc7 protein levels are approximately 
constant throughout the cell cycle, Cdc7 kinase activity peaks at the G1/S transition. 
This cyclic control of activity reflects changes in the abundance of its positive 
regulatory subunit Dbf4, which is degraded in late mitosis and early G1 by the anaphase 
promoting complex. The regulatory subunit Dbf4 has been identified in different 
organisms, and shows three stretches of conserved amino acids, called motifs-N, M and 
C. The M and C-domains are both necessary for Cdc7 activation. 
 Cdc7 is required early in S phase for the initiation of early-origins as well as late in S 
phase for the initiation of late-firing origins. This suggests that, instead of acting as a 
global activator of S phase, Cdc7 is required to promote initiation at individual origins. 
Consistent with this proposal, Cdc7 and Dbf4 have been shown to associate with 
chromatin, and Dbf4 has been shown to localize to a replication origin using a 
one-hybrid assay. 
 In Saccharomyces cerevisiae, Dbf4 binds to chromatin at the G1/S transition and 
remains attached during S phase, whilst Cdc7 appears to remain chromatin-associated 
throughout the cell cycle. The association of S. cerevisiae Dbf4 with chromatin depends 
on the presence of ORC, but does not require Cdc6 or Mcm2-7. In the Xenopus cell-free 
system, Cdc7 also binds to chromatin during G1 and S phase, but its association with 
chromatin appears different from yeast. The association of Xenopus Cdc7 with 
chromatin depends on the presence of Mcm2-7 (i.e. licensed origins), but does not 
require the continued presence of XORC or XCdc6 once they have fulfilled their 
essential role in licensing. Recently, it has been described that human Cdc7 and ASK (a 
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human Dbf4 homologue) show a different pattern of nuclear localization and chromatin 
binding. Human Cdc7 binds to chromatin before ASK is loaded onto chromatin after 
nuclear re-location. The difference in chromatin binding profile of the catalytic and the 
regulatory subunits of the Cdc7/Dbf4 kinase suggests that its recruitment is under 
intricate control. 
9.3 Cdc6 arrests DNA replication before Mcm4 phosphorylation 
To define the consequence of the presence of excess Cdc6 during DNA replication, I 
studied the chromatin association of various proteins during the course of DNA 
replication in egg extracts (Figure 1-9-1) 
 
 
 
 
 
 
Figure 1-9-1. Additive rCdc6 inhibited DNA replication before the phosphorylation of 
Mcm4.  Xenopus sperm chromatin was incubated in extracts supplemented with buffer or rCdc6 
(700 nM). Chromatin was isolated at indicated time points and subjected to SDS-PAGE and 
western blotting.   
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In control extracts, Mcm4 associated with chromatin earlier and loading of Cdc7 and 
Drf1 almost overlapped with that of Mcm4. Chromatin Binding of Dbf4 was observed 
from the beginning consistent with previous papers (Takahashi et al., 2005). The 
accumulation of Sld5, Cdc45 and DNA pola on chromatin peaked around 45 min and 
declined as replication proceeded to completion. The phophorylation of Mcm4 on 
chromatin reached maximum around 45 min, and Mcm4 was gradually dissociated from 
chromatin consistent with previous works. In rCdc6-supplemented extracts, although 
the timing of chromatin binding of Mcm4, Cdc7, Drf1, Dbf4 and Cdk2 did not differ 
significantly from that of control extracts, phosphorylation of Mcm4 and chromatin 
binding of Sld5, Cdc45 and pola were severely inhibited. Collectively, these 
observations suggest that Cdc6 arrests DNA replication after Cdc7 has been loaded on 
licensed chromatin and before Mcm4 phosphorylation. It should be noted here that 
accumulation of Mcm4 on chromatin was observed even after 90 min and the amount of 
Cdc7 and Drf1 was low compared to control extracts in later time points. From this 
observation, it can be predicted that chromatin binding of Cdc7 and Drf1 might cause a 
positive feedback on further loading of itself by phosphorylating Mcm4, and as DNA 
replication is likely stopped before the phosphorylation, further loading of Cdc7/Drf1 is 
blocked.  
9.4 Cdc6 inhibits hyperphosphorylation of Mcm4, but not Mcm2 
 Pereverzeva and co-workers have shown previously that once the Mcm2-7 complex is 
assembled on the chromatin, Mcm4 and the Mcm2 are the only subunits phosphorylated 
during the activation of the pre-RCs. Therefore, we investigated the inhibition of Mcm4 
phosphorylation in the rCdc6-supplemented extracts in details. 
 
 59 
 
 
 
 
 
 
 
 
Figure 1-9-2. Cdc6 inhibited hyperphosphorylation of Mcm4 specifically. Xenopus sperm 
chromatin was incubated in the presence of buffer or rCdc6 (700 nM) for 45 min and isolated at 
indicated time points. Isolated chromatin was treated with phosphatase supplemented with or 
without EDTA and subjected to SDS-PAGE and western blotting. 
 
As a first step, I sought to reconfirm that the modification observed in this study is 
phosphorylation. After incubating sperm nuclei in extracts for 45 minutes, chromatin 
was isolated and incubated further in the presence or absence of l-phosphatase. 
Whereas, slowly migrating smear Mcm4 band was found in chromatin fraction 
incubated in the absence of phosphatase, Mcm4 migrated faster in phosphatase treated 
extracts (Figure 1-9-2). In case EDTA was used as activity control of phosphatase, 
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Mcm4 comigrated with the untreated Mcm4 confirming that the modification observed 
on Mcm4 was phosphorylation. 
From the above experiment, we observed at least 4 distinct forms of Mcm4 on 
SDS-PAGE. The phosphatase treated band is the possible non-phosphorylated form, for 
convenience we name this as “band 1”. Interestingly, Mcm4 band in extract (band 2) 
also migrated slower than band 1 reconfirming the fact that Mcm4 is phosphorylated in 
interphase prior to DNA replication. In 30 min, we observed 2 additional slower 
migrating bands (bands 3 and 4 respectively, hyperphosphorylated forms) and at the 
point of 45 min band 2 became less promiment and a smear of band 2, 3 and 4 was 
observed. In our experimental system, origin unwinding likely statrs around 30 reaching 
peak around 45 min as a preparation of DNA synthesis. In contrast, in 
rCdc6-supplemented extracts, I saw phosphorylation of Mcm4 remained until band 2 
and did not proceed to further bands 3 and 4. Thus, Cdc6 is not likely acting as a 
phosphatase, rather appears to inhibit S-phase dependent hyper-phosphorylation of 
Mcm4 when present in excess in Xenopus egg extracts. Mcm2 is also a good target of 
S-phase kinases similar to Mcm4 and I investigated phosphorylation states of Mcm2. 
Cdc7 phosphorylates Mcm2 which is essential for S phase progression and this 
phosphorylated form of Mcm2 shows a characteristic faster migrating band on 
SDS-PAGE. Aso, Drf1 and Dbf4 are said to be phosphorylated during DNA synthesis 
and I observed band-shifts on SDS-PAGE in Cdc6-supplemented extracts. Although 
Mcm6 was reported to be phosphorylated during DNA replication, I could not detect 
any distinguishable band-shifts for Mcm6 in our experiments. However, to our surprise, 
no inhibition of phosphorylation of Mcm2 was found in rCdc6-supplemented extracts. 
Mcm2 showed faster migrating band of phosphorylated form in Cdc6-supplemented 
extracts similar to that in control extracts. These results suggested a possible specific 
regulation of phosphorylation of Mcm4 by Cdc6 during the course of DNA replication.  
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9.5 Cdc6 inhibits Cdc7-dependent hyperphosphorylation of Mcm4 
Next, I wanted to clarify the kinase responsible for the phosphorylation observed on 
Mcm4. Sperm nuclei were incubated in egg extracts in the presence of rCdc6 or several 
kinase inhibitors.  
 
 
 
 
 
 
 
 
 
Figure 1-9-3. Effect of kinase inhibitors or Cdc7-depletion on Cdc7-dependent 
hyperphosphorylation of Mcm4. (A),(B) Chromatin was isolated from extracts supplemented 
with buffer, GST-Cdc6 (700 nM), p21 (5 ng/mL), caffeine (5 mM) or wortmannin (100 mM), 
and analyzed by western-blotting. (C) Sperm DNA was added to mock or Cdc7-depleted 
extracts and incubated for 45 min. Chromatin was then isolated and analyzed by 
western-blotting.   
A. B. 
C. 
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As it can be seen from figure 1-9-3, phosphorylation of Mcm4 was insensitive to the 
presence of p21, caffeine or DNA-PKcs inhibitor, wortmannin, excluding the possibility 
of Cdk2, ATM/ATR or DNA-PKcs as responsible kinases. Recently it has been shown 
that Mcm4 undergoes specific phosphorylation during S phase on the chromatin and 
Cdc7 phosphorylates Mcm4 N-terminal polypeptide. The results propose the possibility 
that Cdc6 inhibits the Cdc7-dependent phosphorylation of Mcm4. Therefore, I set out to 
observe phosphorylation state of Mcm4 in Cdc7-depleted extracts. Sperm chromatin 
was incubated for 45 min in mock or Cdc7-depleted extracts and then isolated for 
immunoblotting. As was predicted, hyper-phosphorylation of Mcm4 disappeared in 
Cdc7-depleted extracts whereas slowly migrating smear bands were confirmed in 
mock-depleted extracts. These two results confirm that Cdc7 was the responsible kinase 
for Mcm4 hyperphosphorylation that was inhibited by Cdc6. Although band-shifts of 
Mcm2 could not be detected in mock or Cdc7-depleted extracts at 45 min, faster 
migrating phosphorylated form of Mcm2 appeared gradually from 75 to 90 min (data 
not shown).  
At this stage, I wanted to investigate Cdc7 and interestingly, we observed an inhibition 
of phosphorylation on Cdc7 in Cdc6-supplemented extracts (Figure 1-9-4B). This 
phosphorylation was also refractory to p21, caffeine or wortmannin, suggesting 
auto-phosphorylation of Cdc7. It should be noted that caffeine and wortmannin are 
known to facilitate Cdc7 activity thereby accelarating the pace of phosphorylation 
resulting in weak bands and increased amount of Sld5 compared to control extracts. 
Recently, it has been shown in yeast that Cdc7 kinase docks on DDK-docking domain 
(DDD) of Mcm4 that activates itself by auto-phosphorylation followed by 
phosphorylation of Mcm4. Thus, from the above results, I speculate that Cdc6 might be 
in close proximity to DDD of Mcm4 on chromatin thereby inhibiting phosphorylation 
of Cdc7 and phosphorylation of Mcm4 when Cdc6 is present in excess.
 63 
Part 2 
Analysis of fragmented and WA, WB mutants of Cdc6 
 
1 Analysis of N terminal Cdc6 fragment (N-Cdc6) 
1.1 Introduction 
 As a first step to delineate the functional domains of XCdc6 and to reveal the domain 
essential for inhibition of Mcm4 hyper-phosphorylation, we produced a deletion mutant 
(His-FLAG-Cdc6) that contained the N-terminal 1-186 a.a. of the Xenopus Cdc6 protein 
(N-Cdc6 onwards). The remained two-thirds of Cdc6 shows significant homology to the 
ATPases associated with various cellular activities (AAA+) family of ATPases (Perkins 
and Diffley, 1998; Liu et al., 2000) and encompasses a characteristic purine nucleotide 
binding site composed of Walker A and Walker B motifs, which regulate the 
conformation and activity of these proteins. In contrast, the N-terminal one-third of 
XCdc6 contains a putative NLS and a majority of the SP or TP motifs, which comprise 
potential recognition sites for Cdks and other cell cycle-regulated kinases. Moreover, in 
humans the N-terminal one-third of Cdc6 likely interacts with Cdt1. These features 
suggest that the N-terminal domain might play a regulatory role governing the activity 
of a C-terminal catalytic domain and N-Cdc6 was produced to use in my present study. 
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Figure 2-1-1. Schematic representation of the structure of Cdc6. 
 
1.2 Effect of N-Cdc6 on DNA replication 
In my previous studies, I found that N-Cdc6 inhibits DNA replication at 80 ng/mL 
concentration. For a further analysis, I decided to repeat similar experiments as 
described in Part 1 for N-Cdc6 to gain insight into the relationship between structure 
and function of Cdc6.  
 
 
 
 
 
Figure 2-1-2. N-Cdc6 inhibited DNA replication at an earlier stage. N-Cdc6 (80 ng/mL) was 
added at indicated times after sperm addition and DNA synthesis was measured after 90 min of 
incubation in total.   
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 N-Cdc6 was added at different time points after the start of sperm incubation and 
measured DNA synthesis by the radioactivity incorporated into nascent DNA (Fig 
2-1-2) after a total incubation of 90 min. Whereas the addition of N-Cdc6 at an earlier 
stage caused complete inhibition of DNA synthesis, adding N-Cdc6 later than 40 min 
did not show significant repression. This result suggested that additive N-Cdc6 might 
have a target at an earlier stage of DNA replication. 
 Next, I decided to examine chromatin binding of proteins during origin licensing. 
Sperm chromatin was incubated in extracts supplemented with buffer or N-Cdc6 and 
isolated at indicated time points (Figure 2-1-3). As can be seen, chromatin loading of 
ORC, Cdc6 and Mcm4 was observed in N-Cdc6 supplemented extracts while binding of 
Mcm4 was blocked and amount of chromatin-bound ORC and Cdc6 increased in the 
presence of geminin, suggesting that chromatin loading of these proteins was a 
licensing-dependent processes. However, the decrease in the amount of chromatin 
bound Cdt1 at 30 min time point possibly reflect the consequence of previously reported 
interaction between N-terminal region of Cdc6 and Cdt1.  
 
 
 
 
Figure 2-1-3. Mcm2-7 was loaded in the presence of N-Cdc6. Xenopus sperm chromatin was 
incubated in extracts supplemented with buffer or N-Cdc6 (80 ng/mL). Chromatin was isolated 
at indicated time points and subjected to SDS-PAGE and western blotting. 
 66 
1.3 N-Cdc6 inhibits DNA replication at a step earlier than Cdk2-dependent 
pathways 
Next, I sought to observe chromatin binding of Mcm4 during the course of DNA 
replication. As the result (Figure 2-1-4), in control extracts, Mcm4 was loaded onto 
chromatin around 5 min and phosphorylated as DNA replication went on. However, no 
phosphorylation was observed even after 90 min in N-Cdc6 supplemented extracts. 
Moreover, binding of single stranded DNA binding protein Rpa30 was also inhibited 
under these conditions, suggesting that DNA replication was blocked before exposure 
of single-stranded DNA at origin regions.  
 
 
 
Figure 2-1-4. N-Cdc6 inhibited DNA replication before phosphorylation of Mcm4. Xenopus 
sperm chromatin was incubated in extracts supplemented with buffer or N-Cdc6 (80 ng/mL). 
Chromatin was isolated at indicated time points, and subjected to SDS-PAGE and western 
blotting.   
Therefore, I exploited similar protocol as Part 1 using Cdk2 inhibitor, p21, in order to 
determine whether N-Cdc6 influenced Cdk2-dependent processes.  
 
 
min 
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Figure 2-1-5. N-Cdc6 inhibited DNA replication before Cdk2-dependent origin firing. 
Amount of DNA synthesized in extracts containing buffer, p21 (5 ng/mL) or N-Cdc6 (80 ng/mL) 
supplemented with untreated sperm chromatin or p21 chromatin. 
I isolated chromatin from extracts treated with p21 (p21 chromatin) to arrest chromatin 
before Cdk2 activation. Similar to Fig 1-7-1 in Part 1, p21 nuclei were also almost fully 
competent to support DNA replication in N-Cdc6-supplemented extracts (Fig 2-1-5). 
These results suggest that N-Cdc6 inhibits DNA replication at a step earlier than 
Cdk2-dependent events likely in a similar manner as full length Cdc6. 
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2 Analysis of WA, WB mutants of Cdc6 
 
2.1 Introduction 
One function of Cdc6 homologs is to load the Mcm2-7 complex onto chromatin, a 
critical step in licensing the DNA for replication (Coleman et al., 1996; Donovan et al., 
1997; Tada et al., 1999). A purine nucleotide binding site, composed of two motifs of 
the type identified by Walker et al. (1982), is found in all Cdc6 homologs. Structural 
analysis of a number of nucleoside triphosphate-binding proteins containing such motifs 
indicates that the Walker A (WA) motif (GxxGxGKT) or P-loop contains an invariant 
lysine residue, which interacts directly with the g-phosphate of ATP and is critical for 
ATP binding. In contrast, the acidic residues within the Walker B (WB) motif or DExD 
box coordinate a magnesium ion and are essential for ATP hydrolysis (Story and Steitz, 
1992). To date, some work has probed the requirement for these sequences in yeast and 
human Cdc6. WA mutant of Cdc6 is non-functional in yeast (Perkins and Diffley, 1998; 
DeRyckere et al., 1999; Wang et al., 1999; Weinreich et al., 1999), suggesting that Cdc6 
requires ATP binding to form a productive and stable interaction with ORC and 
Mcm2-7 complex at replication origins. Microinjection of WA mutant human Cdc6 
(HsCdc6) into HeLa cells, however, results in a dominant negative phenotype 
characterized by a block in replication (Herbig et al., 1999), suggesting that the human 
WA mutant protein disrupts the ability of endogenous wild-type Cdc6 to load Mcm2-7 
stably onto chromatin. In budding yeast, alanine substitution within the WB motif 
(DE223, 224AA) produces a fully functional Cdc6 protein (Weinreich et al., 1999), 
whereas a glutamic acid-to-glycine change in the WB motif (E224G) is dominant 
negative, blocking cells in late G1 or early S phase (Perkins and Diffley, 1998). In 
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human cells, microinjecting WB mutant (E285Q) of HsCdc6 also results in a dominant 
negative phenotype (Herbig et al., 1999). And finally, it has been shown in Xenopus that 
WA and WB motifs have separable functions where WA motif is needed for ATP 
binding and WB motif is essential for ATP hydrolysis during origin licensing, and 
higher concentration of these mutants shows dominant negative phenotype (Frolova et 
al., 2002). Therefore, I decided to use these mutants as tools to dissect Cdc6 functions 
during the course of DNA replication. 
2.2 Effect of WA and WB mutant of Cdc6 on DNA replication 
 GST tagged WA mutant (K202E, WACdc6) and WB mutant (E277G, WBCdc6) were 
produced and used in subsequent analyses. In order to learn the consequences of high 
levels of Cdc6 mutants during chromosome replication in Xenopus egg extracts, DNA 
synthesis was measured in interphase extracts supplemented with various concentrations 
of WACdc6 and WBCdc6.  
 
 
 
 
Figure 2-2-1 WA- and WBCdc6 inhibited DNA replication at higher concentrations. DNA 
synthesis in Xenopus egg extracts supplemented with various concentrations of WACdc6 or 
WBCdc6. DNA synthesis was assayed after 90 min of incubation by incorporation of 
radioactivity into nascent DNA from [a-32P]dATP. 
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To our surprise, as the concentration of WACdc6 increased, the amount of the newly 
synthesized DNA decreased drastically and DNA replication was almost completely 
inhibited at as low as 900 nM (Fig 2-2-1). The inhibition occurred much gradually for 
WB mutants and needed around 2.7 mM to inhibit DNA replication completely (Fig 
2-2-1).  
2.3 WA- and WB-Cdc6 inhibited DNA replication at the step of origin licensing 
without the activation of ATM/ATR-dependent checkpoint pathways  
For preliminary analysis, licensing function of these mutants was examined by western 
blotting and a significant inhibition of Mcm4 loading was observed in WBCdc6 
supplemented extracts (Figure 2-2-2). In WACdc6 supplemented extracts, although 
Mcm4 loading was observed, the functionality of this Mcm4 is yet to be investigated.   
 
 
 
 
Figure 2-2-2. WA- and WB-Cdc6 impaired origin licensing. Chromatin was isolated at 
indicated time points from extracts supplemented with buffer, WACdc6 or WBCdc6. Chromatin 
on “gem” lanes were isolated after 30-min incubation in geminin-supplemented extracts. 
Isolated chromatin was subjected to SDS-PAGE and immunoblotting. 
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Next, I repeated to check the involvement of ATM/ATR-dependent checkpoint 
pathways under these conditions.  
 
 
 
Figure 2-2-3. WA- and WBCdc6 did not trigger caffeine-sensitive checkpoint activation. 
Nuclei were isolated from extracts treated with aphidicolin (40 ng/mL), rCdc6 (700 nM), 
WACdc6 (900 nM) or WBCdc6 (2.7 mM) in the presence or absence of caffeince (5 mM) and 
immunoblotted for phospho-Chk1. 
Sperm chromatin was incubated in presence of aphidicolin (40 ng/mL), full length Cdc6 
(700 nM), WACdc6 (900 nM) or WBCdc6 (2.7 mM). Nuclei were isolated after 90 min 
and immunoblotted for phospho-Chk1. Similar to Part 1, no phosphorylation of Chk1 
was observed in the presence of additive WACdc6 or WBCdc6 (Figure 2-2-3). 
 These results suggest that although WACdc6 and WBCdc6 inhibit DNA replication at 
higher concentrations, it likely occurs earlier than full length Cdc6 possibly at a step of 
origin licensing for WBCdc6. However, further characterization of these mutants and 
their effect on DNA synthesis or Cdk2-dependent steps are needed. I am planning to use 
these mutants in my study to uncover the structural relationship between Cdc6 and other 
replication machinery proteins. 
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Part 3 
Cdc6 and its effect on histone chaperone, FACT 
 
1 Introduction 
The FACT (facilitates chromatin transcription) complex, a heterodimer of hSpt16 and 
SSRP1 proteins, represents a class of chromatin structure modulator known to 
reorganize nucleosomal structure presumably by removal and/or reassembly of the 
histone H2A-H2B dimers (LeRoy et al, 2000; Orphanides et al, 1998, 1999; 
Belotserkovskaya et al, 2003). The pleiotropic nature of FACT's functions is illustrated 
by its involvement in replication, transcription and even DNA repair (Keller et al, 2001; 
Keller and Lu, 2002; Saunders et al, 2003; Shimojima et al, 2003).  
The role of FACT in DNA replication was previously documented by genetic and 
biochemical studies on the yeast (Wittmeyer and Formosa, 1997; Wittmeyer et al, 1999; 
Gambus et al, 2006) and Xenopus (Okuhara et al, 1999) FACT homologues (yFACT 
and DUF 140, DUF87, respectively). However, the molecular mechanism underlying 
the replicative functions of DUF and yFACT as well as the functional link between 
human FACT and DNA replication have not been substantiated. Conversely, despite 
extensive studies on dissecting the modular organization and temporal regulation of 
DNA replication, the role of chromatin in this process has not been fully addressed. 
Recently, it has been reported by Tan et al. that FACT contributes to chromatin DNA 
replication regulation through its physical and functional interaction with the active 
forms of the Mcm2-7 complexes, and deletion of 120-250 a.a. in Mcm4 disrupts this 
interaction. This region of Mcm4 corresponds to DDK-docking domain (DDD), likely 
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responsible for efficient phosphorylation of Mcm4 and autophosphorylation of Cdc7. 
Thus, there was a possibility that additive Cdc6 might influence on FACT on chromatin. 
The main interacting partners of FACT are listed below: 
 
 
 
 
 
 
 
 
 
 
 
 
DUF140 
DUF87 
H2A-H2B 
Mcm4 
Rpa70 
Pola  
(H3-H4)2 
nucleosome 
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2 Effect of Cdc6 on the chromatin binding of FACT 
 
2.1 Chromatin binding of FACT was limited in the presence of additive Cdc6 
 As a first step to learn effect on FACT, I decided to follow the behavior of FACT in 
our experiments. Surprisingly, when I was comparing chromatin binding of other 
proteins in the presence of several kinase inhibitors or rCdc6, I found a significant 
decreased amount of FACT on chromatin in the presence of additive rCdc6.  
 
 
 
 
 
Figure 3-2-1. Amount of chromatin-bound FACT was limited in the presence of additive 
Cdc6. Chromatin was isolated and western blotted from extracts supplemented with buffer, 
rCdc6 (700 nM), p21 (5 ng/mL), caffeine (5 mM) or wortmannin (100 mM). 
As can be seen from Fig 3-2-1, chromatin binding of FACT was unaffected in extracts 
supplemented with p21, caffeine or wortmannin. However, chromatin binding of both 
DUF140 and DUF87 was severely reduced in rCdc6-supplemented extracts. This result 
coincided with the result that phosphorylation of Mcm4 was insensitive to the presence 
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of p21, caffeine or DNA-PKcs inhibitor, wortmannin.  
2.2 Cdc6 destabilized FACT on chromatin 
 The above observation could be explained in two ways: first, Cdc6 may limit initial 
loading of FACT. Second, Cdc6 could destabilize FACT that has already been loaded 
onto chromatin. To distinguish between these possibilities, I investigated the dynamics 
of chromatin binding of proteins during the course of DNA repication.  
 
 
 
 
 
 
Figure 3-2-2. Additive Cdc6 destabilized FACT on chromatin. Xenopus sperm chromatin 
was incubated in extracts supplemented with buffer or rCdc6 (700 nM). Chromatin was isolated 
at indicated time points and subjected to SDS-PAGE and western blotting.   
As has been shown in Part 1, Fig 3-2-2 shows that in control extracts, Mcm4 associated 
with chromatin earlier and loading of Cdc7 and Drf1 almost overlapped with that of 
Mcm4. The accumulation of Sld5, Cdc45 and DNA pola on chromatin peaked around 
45 min. Extensive phophorylation of Mcm4 was observed which reached maximum 
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around 45 min and gradually dissociated from chromatin. On the other hand, in 
Cdc6-supplemented extracts, although the chromatin binding of Mcm4, Cdc7, Drf1, 
Dbf4 and Cdk2 did not differ significantly from that of control extracts, phosphorylation 
of Mcm4 and chromatin binding of Sld5, Cdc45 and pola were severely inhibited. 
Interestingly, initial chromatin loading of DUF140 in Cdc6-supplemented extracts did 
not differ from that of control extracts and increased gradually until 10 min. However, 
chromatin bound DUF140 started to fall off from chromatin and almost disappeared 
later in S phase. This result indicated that Cdc6 did not inhibit initial chromatin binding 
of FACT, instead, destablized chromatin association of FACT that had already been 
loaded. Interestingly, in a separate experiment, I found Asf1, another histone chaperone 
known to interact with Mcm2 through histones, was unaffefcted in the presence of 
additive Cdc6 (Figure 3-2-3). Together, these results suggest that Cdc6 might have a 
particular influence on Mcm4 and related proteins, e.g. FACT, on chromatin. 
 
 
 
 
 
Figure 3-2-3. Additive Cdc6 did not destabilize Asf1. Xenopus sperm chromatin was 
incubated in extracts supplemented with buffer or rCdc6 (700 nM). Chromatin was isolated at 
indicated time points and subjected to SDS-PAGE and western blotting.   
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3 Destabilization of FACT was not directly dependent on 
Cdc7 activity 
 
At this stage, I thought of the possibility of deactivation of Cdc7 resulting in this 
destabilization and performed immunodepletion of Cdc7 from extracts.  
 
 
 
 
Figure 3-3-1. Depletion of Cdc7 did not cause distabilization of FACT. Chromatin was 
isolated and western blotted from mock or Cdc7-depleted extracts or extracts supplemented 
with buffer, rCdc6 (700 nM), p21 (5 ng/mL), caffeine (5 mM) or wortmannin (100 mM). 
As can be seen from Fig 3-3-1, immunodepletion of Cdc7 did not cause destabilization 
of FACT. After hyperphosphorylation of Mcm4, Cdc45 can bind Mcm2-7 stably to 
activate replicative helicase and FACT is reported to be a facilitator of this helicase and 
it is likely that when Mcm2-7 is loaded, DDD of Mcm4 is exposed to Cdc7 and FACT 
and I speculate that Cdc6 does not destabilize FACT as a result of direct Cdc7 
deactivation rather it masks DDD of Mcm4, which results in competition with FACT in 
addition to inhibition of hyperphosphorylation of Mcm4, thereby causing destabilization 
of FACT. Further studies are needed to uncover the mechanism clearly. 
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4 Destabilization of FACT occurred after origin licensing 
To delineate at which step Cdc6 destabilized FACT, I used geminin-treated extracts. 
Sperm chromatin was incubated in geminin extracts supplemented with buffer or the 
inhibitory concentration of rCdc6 and isolated at indicated time points. Figure 3-4-1 
shows that in control extracts, FACT was loaded onto chromatin very rapidly and 
gradually increased reaching a steady level. 
 
 
 
Figure 3-4-1. Cdc6 destabilized FACT after origin licensing. Xenopus sperm chromatin was 
incubated in geminin extracts supplemented with buffer or the inhibiting concentration of rCdc6. 
Chromatin was isolated at indicated time points and subjected to SDS-PAGE and western 
blotting.   
Interestingly, in Cdc6-supplemented extracts, FACT was loaded similarly in a very 
rapid manner although destablization was not observed even after 60 min. This result 
suggests that FACT represents a dynamic shift of chromatin binding states that is 
changed before and after origin licensing.  
 I further analyzed using N-Cdc6, WA and WB mutants of Cdc6 to see their effects on 
FACT. Chromatin was incubated in extracts supplemented with buffer, WACdc6 or 
WBCdc6 in the presence or absence of geminin and isolated after 30 min.  
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Figure 3-4-2. Additive Cdc6 destabilized FACT on chromatin after origin licensing. 
Xenopus sperm chromatin was incubated in extracts with or without geminin supplemented with 
buffer, WACdc6 (900 nM) or WBCdc6 (2.7 mM). Chromatin was isolated after 30 min and 
subjected to SDS-PAGE and western blotting (left). Xenopus sperm chromatin was incubated in 
extracts with or without geminin supplemented with buffer or N-Cdc6 (80 ng/mL). Chromatin 
was isolated at indicated time points and subjected to SDS-PAGE and western blotting (right).   
 
Figure 3-4-2 shows that amount of chromatin bound FACT did not vary between 
control and WA or WBCdc6-supplemented extracts. As my previous results in Part 2 
suggest that WA and WBCdc6 mutants impair origin licensing, these results together 
suggest that Cdc6 destabilized FACT after origin licensing. I also found the surprising 
result that chromatin-bound FACT was limited in N-Cdc6-treated extracts, suggesting a 
possibility of relationship between N-terminal region of Cdc6 and destabilization of 
FACT. 
 
 
 
gem 
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Discussion 
 
In this work, I focused on investigating the effect of deregulated Cdc6 by adding rCdc6 
to Xenopus egg extracts.  I have shown that Cdc6 inhibits DNA replication when 
present in higher than endogenous level in Xenopus egg extracts.  I have shown that 
additive Cdc6 does not activate caffeine-sensitive ATM/ATR-dependent checkpoint 
pathways to exert this effect suggesting the possiblity of an action on DNA replication 
machineries prior to checkpoint activation. These results show that suppression of DNA 
replication by the addition of Cdc6 occurs after origin licensing has been over and 
before Cdk2-dependent pathways commence. Finally, I demonstrate that 
Cdc7-dependent hyperphosphorylation of Mcm4 and phosphorylation of Cdc7 are 
inhibited by rCdc6 addition without causing significant alterations in the chromatin 
binding of pre-RC components, Cdc7, Cdk2 and the phosphorylation of Mcm2.  
 
Cdc6 inhibited DNA replication without the involvement of caffeine-sensitive 
checkpoint pathways 
 I have shown that Cdc6, an essential protein for DNA replication, suppresses DNA 
replication in higher concentrations. Licensing factors are targets of multiple 
mechanisms that restrict DNA replication to once per cell cycle. Studies showed that 
simultaneous deregulation of ORC, Cdc6 and Mcm2-7/Cdt1 was needed to induce 
significant rereplication in fission yeast (Nguyen et al., 2001; Vas et al., 2001). In other 
words, any single mechanism was sufficient to block detectable rereplication.  More 
recently, microarray comparative genomic hybridization (CGH) has been used to 
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measure rereplication (Green et al., 2006; Tanny et al., 2006). It revealed that 
deregulation of two pre-RC components, ORC and Cdc6, was now sufficient to cause 
rereplication on most chromosomes. Analogously, when Mcm2-7/Cdt1 and Cdc6 were 
deregulated, rereplication occurred, but it was only detectable at a single origin of 
replication. However, all these studies focused on rereplication and the most difficult 
and wanted question what consequences deregulation of any individual factor brings in 
to DNA replication remained unclear.  
 Previous reports had shown that Cdc6 is tightly regulated in the cell cycle although the 
mechanisms might vary among organisms. Deregulated overexpression of hCdt1 and 
hCdc6 promotes malignant behavior (Liontos et al., 2007), and deregulated Cdt1 causes 
overreplication in Xenopus egg extracts (Davidson et al., 2006), which in turn activates 
checkpoint pathways to block rereplication. Overexpression of Cdc6 ortholog (Cdc18) 
causes rereplication in fission yeasts (Nishitani and Nurse, 1995) although no 
rereplication was observed in Cdc6-overexpressed cells from other organisms. It was 
also reported that ectopically overexpressed Cdc6 behave differently from that of 
endogenous one, and it remained unclear what consequences could deregulated Cdc6 
bring to DNA replication at molecular level. Another barrier in understanding Cdc6 
deregulation was that usually overlapping mechanisms operate to maintain homeostasis 
in cells. Thus, compensatory mechanisms make it difficult to uncover the actual 
scenario of excess Cdc6.  
By using Xenopus egg extracts, I tried to investigate what changes in DNA replication 
occur in the presence of additive Cdc6, and came up with the fact that additive Cdc6 
actually blocks DNA replication instead of stimulating it. First, I tried to clarify the 
involvement of checkpoint pathways under this condition. Previous studies showed that 
Cdc18, the Cdc6 homologue in fission yeast, is required for checkpoint activation in 
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response to S phase arrest (Murakami et al., 2002), and the stalled replication forks 
became destabilized in the absence of Cdc18. In Xenopus, Cdc6 was shown to be 
necessary for checkpoint activation in the presence of aphidicolin (Oehlmann et al., 
2004). All these studies used DNA damaging agents and there was no clue whether 
Cdc6 itself creates a signal to activate checkpoints in the absence of DNA damaging 
agents. Although the presence of Cdc6 is required for checkpoint activation in response 
to various genomic insults, the result (Figure 1-4-3) shows that Cdc6 does not induce 
Chk1 phosphorylation even in inhibitory concentration. Moreover, addition of caffeine 
that suppresses aphidicolin-induced checkpoint activation also failed to rescue 
Cdc6-induced inhibition of DNA replication (Figure 1-4-4).  
Previous models show that ATR binds UV-damaged chromatin in S phase but not in G1 
phase (Ward et al., 2004) in mammalian cells, and that a replication fork must be 
established for checkpoint activation induced by methylmethane sulfonate (MMS) in 
budding yeast (Terecero et al., 2003). Later, a study in Xenopus egg extracts 
demonstrated that DNA unwinding is necessary for checkpoint activation, and creates a 
sufficient signal to activate ATR-dependent checkpoint (Byun et al., 2005). Therefore, I 
predicted that Cdc6 might block DNA replication at a step before DNA has been 
sufficiently unwound to create a checkpoint signal. And in support of it, chromatin 
binding of GINS, Cdc45 (Figure 1-9-1) and single-stranded DNA binding protein 
complex, RPA (data not shown) was not observed in the presence of additive rCdc6. 
These results suggest that Cdc6 does not block DNA replication by inducing checkpoint 
pathways, rather stops DNA replication before checkpoint pathways can be activated. 
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Additive rCdc6 blocks DNA replication before Cdk2-dependent steps and after 
origin licensing 
The observation that additive rCdc6 did not activate checkpoint pathways prompted us 
to determine the step at which DNA replication was blocked. I found that additive Cdc6 
did not have a negative effect on DNA synthesis (Figure 1-6-1) and also 
Cdk2-dependent steps (Figure 1-7-1). Pre-RC is necessary for the initiation of DNA 
replication and are disassembled during replication. Studies in Xenopus showed that 
Cdc6 is displaced from chromatin as a direct consequence of origin licensing 
(Oehlmann et al., 2004). Thus, there was a possibility that excess amount of Cdc6 might 
form dysfunctional pre-RCs that do not support DNA replication.  
However, the result in figure 1-8-2 suggests that the Mcm2-7 complex loaded in the 
presence of additive rCdc6 was fully able to support DNA replication in fresh 
geminin-treated extracts, excluding the possibility of defected pre-RC formation.  rCdc6 
addition also did not significantly alter chromatin binding of Orc1, Cdt1 and Mcm 
proteins (Figure 1-8-1). The amount of rCdc6 loaded onto chromatin was almost the 
same as that in geminin treated extracts, suggesting that chromatin loading of Cdc6 
reached saturation. Although the ATPase activity of Cdc6 is directly involved in 
Mcm2-7 loading and acts coordinately with ORC during licensing, the amount of 
chromatin-bound Mcm4 in rCdc6-supplemented extracts was not higher than that in 
control extracts when Cdc6 was added in the beginning. This result suggests that 
Mcm2-7 recruitment by Cdt1 is limiting here. Failure to load Mcm4 on chromatin in 
geminin plus extracts in the presence of additive rCdc6 indicates that the loading of 
Mcm4 in rCdc6-supplemented extracts was resulted from licensing dependent Mcm2-7 
loading. Together, these results strongly suggest that deregulation of Cdc6 blocks DNA 
replication at a step after origin has been licensed but before Cdk2-dependent pathways.  
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Cdc6 inhibitied Cdc7-dependent hyperphosphorylation of Mcm4 but not Mcm2 
Importantly, I provide the first evidence that hyperphosphorylation of Mcm4 is 
suppressed in extracts supplemented with rCdc6 (Figure 1-9-2, 1-9-3). This 
hyperphosphorylation appeared to be mediated by the S phase kinase, Cdc7, and creates 
a ladder on SDS-PAGE. I also found that Cdc6 did not inhibit the basal phosphoylation 
on Mcm4 that probably occurs in interphase by Cdk1 (Pereverzeva et al., 2002).  
The Mcm proteins form a heterohexameric complex that is composed of Mcm2, Mcm3, 
Mcm4, Mcm5, Mcm6 and Mcm7 and is likely a component of DNA helicase that 
unwinds DNA during replication (reviewed in Forsburg, 2004; Diffley and Labib, 2002; 
Takahashi, 2005). Mcm4, Mcm6, and Mcm7 form a tightly interacting core complex 
that interacts with Mcm2 and also with a dimer formed between Mcm3 and Mcm5 
(Coue et al.,1998). Individual subunits of the Xenopus Mcm2-7 complex are 
differentially phosphorylated during the cell cycle. The changes in phosphorylation are 
most pronounced for the Mcm4 subunit and two kinases, Cdc7 and Cdk2, are known to 
phosphorylate Mcm4 during DNA replication. Phosphorylation of Mcm2 is more 
complex and three kinases, Cdc7, Cdk2 and ATR are known to phosphorylate Mcm2. 
Mcm2 is supposedly a regulatory subunit of Mcm2-7 complex since Mcm2 inhibits 
helicase activity of Mcm4-6-7 in vitro.  
Cdc7 protein level remains constant throughout the cell cycle but the kinase activity 
peaks at the G1/S transition (Jackson et al., 1993; Yoon et al., 1993). The activity of 
Cdc7-kinase is regulated by two activator subunits, Drf1 and Dbf4. Cdc7 becomes 
chromatin bound once origin is licensed and Drf1 is likely to accompany it in 
embryonic cell cycle. Cdc7/Drf1 has a more dominant role than Cdc7/Dbf4 in Xenopus 
egg extracts as reported previously (Takahashi et al., 2005). Interestingly, I found that 
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Cdc6 also blocked the phosphorylation of Cdc7 (Figure 1-9-4). At this stage, I thought 
of the possiblity that Cdc6 inhibited Cdc7 kinase activity directly thereby blocking 
phosphorylation of Mcm4. However, this was not likely the case. As mentioned before, 
Mcm2 is another target of Cdc7 during DNA replication and is essential for DNA 
replication. We found that phosphoylation of Mcm2 was completely unaffected in the 
presence of additive Cdc6 (Figure 1-9-3), indicating a possibility of indirect effect on 
Cdc7 to phosphorylate Mcm4. Moreover, chromatin binding of Cdc7, Dbf4 and Drf1 
was not completely blocked by additive rCdc6. Kinase assay using purified proteins 
also showed that Cdc6 does not inhibit kinase activity of Cdc7 (data not shown). Thus, 
our results suggest a highly specific regulation of hyperphosphorylation of Mcm4 by 
Cdc6 on chromatin during chromosome duplication.  
 
 
 
 
 
 
Figure D-1: Schematic representation of the orientation of different subunits of Mcm2-7 
complex and their interacting partners. 
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If we put together the results we have in hand at this stage with previous findings, it can 
be suggested that a steric hindrance by Cdc6 masking Mcm4 likely resulted in the 
suppression of hyperphosphorylation of Mcm4 and the phosphorylation of Cdc7. 
Recently, it has been reported in yeast that the N-terminal DDK docking domain (DDD) 
interacts with Cdc7 and this interaction is needed for substrate specification of Cdc7 
(Sheu et al., 2006). The authors hypothesized that this interaction facilitates 
“autophosphosphorylation” of Cdc7 that in turn boosts phosphorylation event of Mcm4. 
If we look at the orientation of Mcm2-7 complex that has been proposed from previous 
in vitro studies, we can see Mcm4 and Mcm2 subunits do not lie next to each other 
(Figure D-1). Therefore, it is possible that Cdc6 may be in close proximity to Mcm4 on 
chromatin that is inhibitory for Cdc7-mediated hyperphosphorylation without affecting 
Mcm2 phosphorylation.  Phosphorylation of Mcm2 by Cdc7 is said to be crucial for 
DNA replication. This study suggest for the first time that phosphorylation of Mcm2 
can occur even if phosphorylation of Mcm4 is blocked, but is not sufficient to support 
DNA replication.  
FACT is destabilized on chromatin by excess Cdc6 
While the study in yeast (Tan et al., 2006) did not further dissect the FACT–Mcm 
proteins association, my present work revealed several mechanistic and functional 
attributes underlying this interaction. Although FACT binds chromatin rapidly even 
before origin licensing and apparently look unchanged throughout the course of DNA 
replication, our study proposes the possibility that chromatin binding of FACT may 
have a dynamic change before and after origin licensing. In addition to its direct 
association with the replicative helicase complex, the interaction of FACT with Mcm4 
on the DNA replication origin is likely to be regulated by Cdc6. Taken together, my 
results suggest a model for the dynamic states of Cdc6, FACT and Mcm2-7 on 
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chromatin. Although I have not found the clear conclusion about their coordination yet, 
I am on the way to explore the molecular mechanism and hope to be able to dissect 
them in near future. 
 
 
 
 
 
 
 
 
 
 
Figure D-2: A model for the requirement of regulation of Cdc6 activity during DNA 
replication. A. In mormal situation, Cdc6 becomes loosely bound and dispensable for DNA 
replication after origin licensing. Sequential activity of Cdc7 and Cdk2 leads to the initiation of 
DNA replication. B. When Cdc6 is deregulated, Cdc6 remaining on chromatin after origin 
licensing blocks the phosphorylation events of Mcm4 thereby preventing the initiation of DNA 
replication. 
DNA synthesis 
Cdc7 
7 
7 
Cdc7 
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B. Deregulation of Cdc6 A. Proper regulation of Cdc6 
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The strategy of blocking DNA replication at a step after licensing and before 
Cdk2-dependent pathways is surprising but has several advantages. First, the loaded 
Mcm2-7 should be able to proceed to further steps once excess Cdc6 has been removed. 
If licensing were impaired at this stage, it would be time consuming and hardly possible 
to reengage ORC, Cdc6, Cdt1 and Mcm2-7 to establish a functional licensing reaction. 
Second, the two major regulators of DNA replication Cdc7 and Cdk2 are yet to exert 
full function at this stage. Thus, by targeting Mcm2-7 at the step of phosphorylation, 
Cdc6 blocks deregulated DNA replication at the earliest possible enzymatic step of 
chromosome duplication, thereby minimizing the possibility of genomic instability. A 
recent study showed that phosphorylation of Mcm4 by Cdc7 kinase facilitates its 
interaction with Cdc45 (Masai 2006), and that Cdc45, Mcm2-7 and GINS (CMG) 
complex probably form the replicative helicase that unwinds double-stranded DNA 
before DNA synthesis starts. This work provides insight into the regulation of the 
phosphorylation of one of the subunits of this core helicase, Mcm4, and gives a hint 
why Cdc6 needs to be regulated as soon as origin has been licensed.  
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Materials and Methods 
All materials and reagents used in this study were purchased from Sigma-Aldrich, 
Nacalai Tesque and Wako Pure Chemicals, unless mentioned otherwise. 
Antibodies used in this study 
1) anti-xOrc1 antibody: a gift from J. Julian Blow 
2) anti-xCdc6 antibody: raised in this lab 
3) anti-xCdt1 antibody: raised in this lab 
4) anti-hMcm2 antibody: a gift from Yukio Ishimi 
5) anti-hMcm4 antibody: a gift from Yukio Ishimi 
6) anti-xMcm6 antibody: raised in this lab 
7) anti-xCdc7 antibody: a gift from Shou Waga 
8) anti-xDbf4 antibody: a gift from Shou Waga 
9) anti-xDrf1 antibody: a gift from Tatsuro Takahashi 
10) anti-Cdk antibody: purchased from Upstate 
11) anti-xSld5 antibody: a gift from Yumiko Kubota 
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12) anti-xCdc45 antibody: a gift from Yumiko Kubota 
13) anti-hH3 antibody: purchased from Upstate 
14) anti-phosphorylated hChk1 Ser345 antibody: purchased from Cell Signaling. 
1 Preparation of low speed supernatant (LSS) interphase extracts  
1.1 Equipments and reagents 
1) Xenopus laevis female frogs (Kato S Kagaku) 
2) Pregnant mare serum gonadotrophin (PMSG) and Chorionic gonadotrophin (CG) 
(Nihon Zenyakukogyo) 
3) Modified high salt barth (MHSB) 
110 mM NaCl, 15 mM Tris, 2 mM KCl, 1 mM MgCl2, pH 7.6 with HCl. A  10X 
stock was made and combined with appropriate amount of water just before 
pouring into separate tanks. 
4) Cysteine buffer, freshly made 
2% Cysteine, 0.5 M EGTA, pH 7.5 with 10 M NaOH 
5) Barth 
88 mM NaCl, 2 mM KCl, 1 mM MgCl2, 15 mM Tris-HCl, pH 7.6, 0.5 mM 
CaCl2. Barth was made on the day of the experiment by combining water and a 
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10X stock of NaCl, KCl, MgCl2, CaCl2 and Tris in appropriate amounts. 
6) Extraction buffer (EB) 
50 mM KCl, 50 mM Hepes-KOH, pH 7.6, 5 mM MgCl2, 2 mM b-ME (added 
just before use), cooled down to 4˚C before use 
7) 20 mg/ml Calcium ionophore (A23187) dissolved in DMSO, stored in small 
aliquots at -20˚C 
8) 10 mg/ml Cytochalasin B dissolved in DMSO, stored in small aliquots at -20˚C 
9) Extract dilution buffer with sucrose (EDB-S) 
50 mM KCl, 50 mM Hepes-KOH, pH 7.6, 2 mM DTT, 0.4 mM MgCl2, 0.4 mM 
EGTA, 10% Sucrose, 10 mg/mL of Pepstatin, Aprotinin and Leupeptin each. 
10) TOMY SRX-201 refrigerated centrifuge, rotor: TOMY TS-31 
11) 30 mm NYLON NET FILTERS NY30 (Millipore) 
1.2 Method 
1) Frogs were primed for ovulation by injecting each frog with 50 units of  PMSG 5 to 
7 days before the eggs were required. PMSG is introduced into the dorsal lymph 
sac along the thigh of the hind leg by subcutaneous injection using a 26 gauge 
needle. To induce ovulation and egg laying, frogs were injected with 500 units of 
CG and each frog was placed in a separate tank containing 2 litres of MHSB at 
18˚C. The temperature was set to increase to 22˚C 2 hours before egg collection. 
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2) On the day of egg collection, MHSB was decanted as much as possible from each 
batch of eggs and healthy eggs were collected in a beaker. Eggs were then dejellied 
by adding cysteine buffer at room temperature (r.t.).  
3) Eggs were washed 3 times with barth at r.t., and 10 ml of 20 mg/ml Calcium 
ionophore was added to a total of 100 mL of eggs in barth. Eggs were then allowed 
to activate for 5 min.  
4) After activation, eggs were washed again 3 times with barth at r.t. followed by 
washing 3 times with ice-cold EB. From now on, all procedures were done on ice 
or at 4˚C. 
5) Eggs were transferred to 12 mL Falcon 2059 tube and supernatant was removed 
with a Pasteur pipette. After packing at 800 g for 2 min, eggs were crushed at 
13000 g for 15 min. 
6) The middle crude lysate layer was collected to a fresh tube and supplemented with 
10 mg/ml cytochalasin B and 15% EDB-S. After mixing thoroughly, the lysate was 
centrifuged at 10000 rpm for 25 min. 
7) A 19 gauge needle was inserted 4 mm above the dark pigment layer and the crude 
cytoplasmic extract was withdrawn until the lipids begin to contaminate the extract. 
This extract was then centrifuged again at 10000 rpm for 15 min and the 
golden-yellow extract layer was collected carefully to a fresh tube so that the lower 
apoptotic layer did not contaminate.  
8) Extracts were supplemented with 1% glycerol and drop frozen in 20 mL aliquots in 
liquid nitrogen for further use. 
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9) Extracts were supplemented with 250 mg/mL cycloheximide (CHX), 25 mM 
phosphocreatine, 15 mg/mL creatine phosphokinase before use in the experiments.  
2. Preparation of demembranated sperm DNA 
   2.1   Equipments and reagents 
      1) Xenopus laevis male frogs (Kato S Kagaku) 
      2) MS222 solution 
           0.2% (w/v) MS222, 0.46% (w/v) Na Bicarbonate 
      3) EB (see 1.1) 
      4) SuNaSp 
           0.25 M Sucrose, 75 mM NaCl, 0.5 mM spermidine, 0.15 mM spermine 
      5) Homogenizer (Potter Elvehjam type Teflon glass homogenizer) 
      6) 1 mg/ml Hoechst33258, diluted 500 times with EB before use 
      7) 2 mg/ml L-a-lysophosphatidylcholine, from Egg Yolk 
      8) Nylon membrane (see 1.1) 
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   2.2   Methods 
1) The frogs to be used were placed in MS222 until their heads drop under  water. 
2 testes were taken and cleaned carefully with dissction forceps. Cleaned testes 
were removed to a clean petri dish containing 10 mL of EB and chopped up as 
finely as possible with a scalpel. 
2) The chopped material was transferred to a homogenizer and homogenized until 
all material had been thoroughly squeezed.  
3) The homogenate was filtered through nylon membrane and transferred to a 
Falcon tube. It was then spinned at 2500 rpm for 5 min at 4˚C and repeated until 
it got rid of red blood cells. 
4) After the pellet was resuspended in 2 mL of SuNaSp at r.t., 100 mL of 
lysolecithin was added and incubated at r.t. for 5 min. Demembranation was 
checked by mixing 1 mL of sample with 1 mL of 1/500 of Hoechst stain for 
viewing under microscope.   
5) After demembranation, lysolecithin was quenched by resuspending the pellet in 
2 mL of SuNaSp containing 3% BSA for 5 min. It was then spinned again at 
2500 rpm for 5 min at 4˚C. 
6) The pellet was washed once with 2 mL of 3% BSA-SuNaSp and twice with 2 
mL of EB. The washed pellet was resuspended in 500 mL of EB containing 30% 
glycerol and stored in small aliquots at -80˚C for further use. 
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3. Measurement of DNA replication  
Interphase extracts prepared as in section 1 were supplemented with  [a-32P]-dATP, 
other reagents of interest and sperm nuclei sequentially up to a final volume of 10 mL. 
After mixing gently, samples were incubated at 23˚C for 90 min, unless mentioned 
otherwise. The reaction was terminated by the addition of 160 mL of Stop C solution 
(20 mM Tris-HCl, pH 7.5, 5 mM EGTA (Fluka), 0.5% SDS) plus 200 mg/mL 
Proteinase K and incubated at 37˚C for 30 min. The digested mixture was then 
precipitated with 4 mL of cold 10% Trichloroacetic acid (TCA)-2% (w/v) 
Na4P2O7.10H2O at 4˚C for 30 min. Forty microlitres of the TCA solution was then 
spotted onto a filter disk for measurement of total radioactivity. The remainder of the 
sample is filtered under vacuum through a 25-mm-diameter glass microfiber filter 
(GF/C; Whatman, Clifton, NJ). The GF/C filter was then washed with 5% 
TCA-2%(w/v) Na4P2O7.10H2O and then with ethanol. Once dry, 32P on the filters was 
measured by liquid scintillation counter. Assuming an endogenous 50 mM dATP in 
the extract, the total DNA synthesized (in nanograms of DNA per mL of extract) was 
calculated by multiplying the percentage of total counts present in acid-precipitable 
material by the factor of 0.654. 
4. Expression and Purification of Recombinant XCdc6 
Wild-type Xenopus laevis Cdc6 was produced as a glutathione S-transferase (GST) 
fusion protein (GST-Cdc6). DNA encoding the protein was amplified by PCR using 
primers with recognition site of EcoR I or Not I restriction enzyme and subcloned into 
pGEX-4T3 (Amersham Biosciences) expression vector. GST fusion protein was 
expressed in BL21-Codon PlusTM (DE3)-RIL (Stratagene) and purified based on a 
protocol described previously (Frolova et al., 2002) with some modifications. Cells 
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were grown at 37˚C, induced with 0.1 mM isopropyl b-D-thiogalactside (IPTG) for 1 
hr at 16˚C, harvested by centrifugation, resuspended in lysis buffer (10 mM sodium 
phosphate pH 7.2, 0.5 M NaCl, 1 mM EGTA, 1 mM dithiothreitol (DTT), 0.25% 
Tween-20) containing 0.2 mM phenylmethylsulfonyl fluoride (PMSF). To purifiy 
GST-Cdc6, the thawed lysate was sonicated gently 3 times and centrifuged at 9100 g, 
for 20 min. The supernatant was mixed with glutathione-Sepharose (Amersham 
Biosciences, Piscataway, NJ) prewashed in lysis buffer, and incubated with gentle 
agitation at 4˚C for 1 hr to facilitate binding to the beads. The GST-fusion 
protein/glutathione-Sepharose bead complexes were transferred to a column. After 
washing with lysis buffer, GST-fusion proteins were eluted from the beads in lysis 
buffer containing 10 mM reduced glutathione (pH was adjusted to 8.0 with NaOH 
after the addition of glutathione). The eluted protein was collected in 200 mL fractions 
and examined by SDS-polyacrylaminde gel electrophoresis (SDS-PAGE) followed by 
Coomassie Brilliant Blue (CBB) staining. The fractions containing GST-Cdc6 were 
then pooled and concentrated by centrifuging 2 times at 4910 g for 15 min and 5 min. 
The concentrated protein was dialyzed against 10 mM HEPES, pH 7.4, 150 mM NaCl, 
0.1 mM DTT, 0.2 mM PMSF and frozen at -80˚C in 10 mL aliquots.  
4. Immunodepletion  
Immunodepletion was performed on interphase extracts using the antibody of interest or 
preimmune antibody incubated with protein A-Sepharose Fast Flow (Amersham 
Pharmacia) for 1 hr at room temperature (r.t.), and washed 3 times with 100 mM 
HEPES-KOH, pH 8.0. After the wash, the resultant Sepharose resin was washed again 4 
times with LFB2 (40 mM HEPES-KOH, pH8.0, 20 mM potassium phosphate, 2 mM 
MgCl2, 1 mM EGTA, 2 mM DTT, 10% (w/v) sucrose, 2.5 mM ATP, 1 mg/mL pepstatin 
and 1 mg/mL leupeptin) supplemented with 50 mM KCl (LFB2/50) to obtain an 
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antibody-coupled Sepharose. The Xenopus egg extracts supplemented with CHX were 
incubated with the same volume of the antibody-coupled Sepharose for 1 hr at 4˚C . The 
extracts after removal of the Sepharose resin were used as depleted extracts. For Cdc6 
depletion, the process was repeated twice and efficient removal was confirmed by 
immunoblot analyses or measurement of synthesized DNA by the incorporation of 
radioactivity.  
5. Activity Check of  purified GST-Cdc6 
Xenopus egg extracts were supplemented with 250 mg/mL CHX and depleted of Cdc6. 
The depleted extracts were then added with 25 mM phosphocreatine, 15 mg/mL creatine 
phosphokinase. 3.5 mL aliquots were added-back to 1 mL of purified GST-Cdc6 of 
different concentrations (dilution carried out with dialysis buffer used during 
purification) . Sperm chromatin were then added (1000 nuclei/mL) and incubated at 
23˚C for 20 min to allow origin licensing. Five mL of fresh egg extract supplemented 
with 250 mg/mL CHX, 25 mM phosphocreatine, 15 mg/ml creatine phosphokinase, 100 
nM of geminin and [a-32P]-dATP (20 kBq) was added to each sample and incubated at 
23˚C for 120 min. Geminin prevented furter licensing, and therefore DNA replication 
during the following incubation period depended on the licensing activity in the first 
reaction mixture. Inhibition of pre-RC formation by geminin was confirmed by 
immunoblotting. Total DNA synthesized was measured as the radioactivity 
incorporated into a fraction insoluble in 5% TCA as described previously. DNA 
synthesis is represented as a percentage of the radioactivity incorporated into DNA in 
the Cdc6-depleted extract to that in the mock-treated extract. Mock depleted extract 
supplemented with dialysis buffer was used as control. 
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6. Measurement of  purified GST-Cdc6  concentration  
Concentration of GST-Cdc6 was measured using BSA as a standard. Proteins were 
electrophosed in SDS-10% polyacrylamide gel and stained with Coomassie Brilliant 
Blue. Standard curve was drawn using NIH image 1.6 program and concentrations were 
calculated from the curve equation. 
7. Isolation of chromatin fraction 
For immunoblotting experiments, demembranated sperm nuclei were incubated with 
Xenopus egg extract at 23˚C for a given period. The extracts were diluted in 1 mL of 
nuclear isolation buffer (50 mM KCl, 50 mM HEPES-KOH, pH 7.6, 2 mM MgCl2, 2 
mM DTT, 0.5 mM spermidine, 0.5 mM spermine, 1 mg/mL pepstatin A, 1 mg/mL 
leupeptin) supplemented with 0.1% Triton X-100 and 2.5 mM ATP (TNIBA). Fifteen% 
(w/v) sucrose in TNIBA (100 ml) was layered under the diluted extract. The chromatin 
fraction was precipitated at 5800 g in a swing bucket centrifuge for 5 min at 4˚C. The 
upper layer and supernatant of the lower layer were carefully removed until 50 mL of 
the buffer remained in the bottom of the tube. After a wash with 1 mL of TNIBA, the 
chromatin was centrifuged at 9100 g in an angle rotor for 5 min at 4˚C. The supernatant 
was removed completely and the pellet was resuspended in 40 mL of sample buffer for 
SDS-PAGE. Half of the chromatin precipitate was subjected to SDS-10% 
polyacrylamide gel  and the rest to SDS-7.5% polyacrylamide gel electrophoresis for 
immunoblotting after boiling at 100˚C for 5 min. 
When chromatin was isolated to be reincubated in other extracts or used in phosphatase 
treatment, the isolation was performed in a similar way except that Triton X-100 was 
0.01% in NIBA and the centrifugation was performed only once at 2100 g for 5 min in a 
swinging bucket rotor. Then, the chromatin was resuspended in EB for further use.  
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8. Isolation of intact nuclei for Chk1 phosphorylation  
For isolation of intact nuclei, extracts containing nuclei were underlayered with 10 vol 
of an intact nuclear buffer (INIB) containing 40% sucrose, 50 mM HEPES-KOH, pH 
7.5, 100 mM KCl, and 2.5 mM MgCl2, and pelleted at 5800 g in a swing rotor for 5 min 
at 4˚C. The pellets were resuspended in 1 mL of the same buffer and recentrifuged 
under the same conditions. For extracts that had been treated with caffeine, 5 mM of 
caffeine was added in the isolation buffer to ensure the inhibition of ATM/ATR kinases 
during the isolation process. 
9. Immunoblotting 
Samples for immunoblotting were electrophoresed on an SDS-polyacrylamide gel and 
electrically transferred onto a PVDF-membrane (Amersham Biosciences). The 
membrane was blocked with 0.5% skim milk in phosphate-buffered-saline (PBS: 137 
mM NaCl, 2.68 mM KCl, 8.04 mM Na2HPO4 and 1.47 mM KH2PO4) and incubated 
with a primary antibody diluted 1000 to 5000-fold with PBS containing 0.05% 
Tween-20 and 3% BSA. After a wash with 0.05% Tween-20 in PBS three times and 
incubation with horse-radish peroxide-conjugated anti-rabbit or anti-mouse IgG, protein 
bands that reacted with the primary antibody were visualized with ECL western blotting 
detection reagents (Amersham Biosciences).  
10. Phosphatase treatment 
After incubating sperm nuclei in extracts for 45 minutes to allow phosphorylation to 
occur, chromatin was isolated and incubated further in the presence or absence of 
l-phosphatase as recommended by the manufacturer. Proteins were separated by two 
types of gels, 7.5% and 10% SDS-PAGE. 7.5% gel was run until the 37 kDa marker 
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reached the bottom, and 10% gel was run until 10 kDa marker reached bottom. The gels 
were then subjected to western blot analyses. When depletion of Cdc7 from extracts 
was to be detected, 7.5% gel was run until 50 kDa marker reached bottom. 
11. Generation of WA and WB mutants of Cdc6 
The Walker A and Walker B point mutations were made using the QuikChange 
site-directed mutagenesis kit (Stratagene) and the following primers: 
GGTGCTCCTGGTACCGGCGAAACTGCGTGC and 
GCACGCAGTTTCGCCGGTACCAGGAGCACC (Walker A, K202E) and 
GGTGTTGGATGGGATGGATCA-GCTGG and CCAGCTGATCCATCC 
CATCCAACACC (Walker B, E277G). We verified the correct reading frame by 
sequencing. 
 101 
References 
Arias EE, Walter JC. Strength in numbers: preventing rereplication via multiple 
mechanisms in eukaryotic cells. Genes Dev. 2007 Mar 1;21(5):497-518. Review. 
Bell SP, Dutta A. DNA replication in eukaryotic cells. Annu Rev Biochem. 
2002;71:333-74. Review. 
Belotserkovskaya R, Oh S, Bondarenko VA, Orphanides G, Studitsky VM, Reinberg D. 
FACT facilitates transcription-dependent nucleosome alteration. Science. 2003 Aug 
22;301(5636):1090-3. 
 
Blow JJ, Tada S. Cell cycle. A new check on issuing the licence. Nature. 2000 Apr 
6;404(6778):560-1. Review. 
Byun TS, Pacek M, Yee MC, Walter JC, Cimprich KA. Functional uncoupling of MCM 
helicase and DNA polymerase activities activates the ATR-dependent checkpoint. 
Genes Dev. 2005 May 1;19(9):1040-52. Epub 2005 Apr 15. 
Calzada A, Sacristán M, Sánchez E, Bueno A. Cdc6 cooperates with Sic1 and Hct1 to 
inactivate mitotic cyclin-dependent kinases. Nature. 2001 Jul 19;412(6844):355-8. 
Erratum in: Nature. 2003 Dec 4;426(6966):584. 
 
Chong JP, Mahbubani HM, Khoo CY, Blow JJ. Purification of an MCM-containing 
complex as a component of the DNA replication licensing system. Nature. 1995 Jun 
1;375(6530):418-21.   
Coleman TR, Carpenter PB, Dunphy WG. The Xenopus Cdc6 protein is essential for the 
initiation of a single round of DNA replication in cell-free extracts. Cell. 1996 Oct 
4;87(1):53-63. 
 102 
Costanzo V, Shechter D, Lupardus PJ, Cimprich KA, Gottesman M, Gautier J. An 
ATR- and Cdc7-dependent DNA damage checkpoint that inhibits initiation of DNA 
replication. Mol Cell. 2003 Jan;11(1):203-13. 
Davidson IF, Li A, Blow JJ. Deregulated replication licensing causes DNA 
fragmentation consistent with head-to-tail fork collision. Mol Cell. 2006 Nov 
3;24(3):433-43. 
Delmolino LM, Saha P, Dutta A. Multiple mechanisms regulate subcellular localization 
of human CDC6. J Biol Chem. 2001 Jul 20;276(29):26947-54. 
DeRyckere D, Smith CL, Martin GS. The role of nucleotide binding and hydrolysis in 
the function of the fission yeast cdc18(+) gene product. Genetics. 1999 
Apr;151(4):1445-57. 
 
Donovan S, Harwood J, Drury LS, Diffley JF. Cdc6p-dependent loading of Mcm 
proteins onto pre-replicative chromatin in budding yeast. Proc Natl Acad Sci U S A. 
1997 May 27;94(11):5611-6. 
Forsburg SL. Eukaryotic MCM proteins: beyond replication initiation. Microbiol Mol 
Biol Rev. 2004 Mar;68(1):109-31. Review. 
Frolova NS, Schek N, Tikhmyanova N, Coleman TR. Xenopus Cdc6 performs separate 
functions in initiating DNA replication. Mol Biol Cell. 2002 Apr;13(4):1298-312. 
Furukohri A, Sato N, Masai H, Arai K, Sugino A, Waga S. Identification and 
characterization of a Xenopus homolog of Dbf4, a regulatory subunit of the Cdc7 
protein kinase required for the initiation of DNA replication. J Biochem. 2003 
Sep;134(3):447-57. 
 103 
Gambus A, Jones RC, Sanchez-Diaz A, Kanemaki M, van Deursen F, Edmondson RD, 
Labib K. GINS maintains association of Cdc45 with MCM in replisome progression 
complexes at eukaryotic DNA replication forks. Nat Cell Biol. 2006 Apr;8(4):358-66.  
Gillespie PJ, Li A, Blow JJ. Reconstitution of licensed replication origins on Xenopus 
sperm nuclei using purified proteins. BMC Biochem. 2001;2:15.  
Green BM, Morreale RJ, Ozaydin B, Derisi JL, Li JJ. Genome-wide mapping of DNA 
synthesis in Saccharomyces cerevisiae reveals that mechanisms preventing reinitiation 
of DNA replication are not redundant. Mol Biol Cell. 2006 May;17(5):2401-14. 
 
Greenwood E, Nishitani H, Nurse P. Cdc18p can block mitosis by two independent 
mechanisms. J Cell Sci. 1998 Oct;111 ( Pt 20):3101-8. 
 
Guo Z, Kumagai A, Wang SX, Dunphy WG. Requirement for Atr in phosphorylation of 
Chk1 and cell cycle regulation in response to DNA replication blocks and UV-damaged 
DNA in Xenopus egg extracts. Genes Dev. 2000 Nov 1;14(21):2745-56. 
Guo B, Romero J, Kim BJ, Lee H. High levels of Cdc7 and Dbf4 proteins can arrest 
cell-cycle progression. Eur J Cell Biol. 2005 Dec;84(12):927-38.  
Herbig U, Griffith JW, Fanning E. Mutation of cyclin/cdk phosphorylation sites in 
HsCdc6 disrupts a late step in initiation of DNA replication in human cells. Mol Biol 
Cell. 2000 Dec;11(12):4117-30. 
Iyer LM, Leipe DD, Koonin EV, Aravind L. Evolutionary history and higher order 
classification of AAA+ ATPases. J Struct Biol. 2004 Apr-May;146(1-2):11-31. 
Jackson AL, Pahl PM, Harrison K, Rosamond J, Sclafani RA. Cell cycle regulation of 
the yeast Cdc7 protein kinase by association with the Dbf4 protein. Mol Cell Biol. 1993 
May;13(5):2899-908. 
 104 
Jares P, Blow JJ. Xenopus cdc7 function is dependent on licensing but not on XORC, 
XCdc6, or CDK activity and is required for XCdc45 loading. Genes Dev. 2000 Jun 
15;14(12):1528-40. 
Jares P, Luciani MG, Blow JJ. A Xenopus Dbf4 homolog is required for Cdc7 
chromatin binding and DNA replication. BMC Mol Biol. 2004 Jun 28;5:5. 
Jiang W, Wells NJ, Hunter T. Multistep regulation of DNA replication by Cdk 
phosphorylation of HsCdc6. Proc Natl Acad Sci U S A. 1999 May 25;96(11):6193-8. 
Kasiviswanathan R, Shin JH, Kelman Z. Interactions between the archaeal Cdc6 and 
MCM proteins modulate their biochemical properties. Nucleic Acids Res. 2005 Sep 
8;33(15):4940-50.  
Keller DM, Zeng X, Wang Y, Zhang QH, Kapoor M, Shu H, Goodman R, Lozano G, 
Zhao Y, Lu H. A DNA damage-induced p53 serine 392 kinase complex contains CK2, 
hSpt16, and SSRP1. Mol Cell. 2001 Feb;7(2):283-92. 
 
Keller DM, Lu H. p53 serine 392 phosphorylation increases after UV through induction 
of the assembly of the CK2.hSPT16.SSRP1 complex. J Biol Chem. 2002 Dec 
20;277(51):50206-13. Epub 2002 Oct 21. 
Komamura-Kohno Y, Karasawa-Shimizu K, Saitoh T, Sato M, Hanaoka F, Tanaka S, 
Ishimi Y. Site-specific phosphorylation of MCM4 during the cell cycle in mammalian 
cells. FEBS J. 2006 Mar;273(6):1224-39. 
Diffley JF, Labib K. The chromosome replication cycle. J Cell Sci. 2002 Mar 1;115(Pt 
5):869-72. 
 
LeRoy G, Loyola A, Lane WS, Reinberg D. Purification and characterization of a 
 105 
human factor that assembles and remodels chromatin. J Biol Chem. 2000 May 
19;275(20):14787-90. 
 
Liontos M, Koutsami M, Sideridou M, Evangelou K, Kletsas D, Levy B, Kotsinas A, 
Nahum O, Zoumpourlis V, Kouloukoussa M, Lygerou Z, Taraviras S, Kittas C, 
Bartkova J, Papavassiliou AG, Bartek J, Halazonetis TD, Gorgoulis VG. Deregulated 
overexpression of hCdt1 and hCdc6 promotes malignant behavior. Cancer Res. 2007 
Nov 15;67(22):10899-909. 
 
Liu J, Smith CL, DeRyckere D, DeAngelis K, Martin GS, Berger JM. Structure and 
function of Cdc6/Cdc18: implications for origin recognition and checkpoint control. 
Mol Cell. 2000 Sep;6(3):637-48. 
Mailand N, Diffley JF. CDKs promote DNA replication origin licensing in human cells 
by protecting Cdc6 from APC/C-dependent proteolysis. Cell. 2005 Sep 
23;122(6):915-26. 
Masai H, Taniyama C, Ogino K, Matsui E, Kakusho N, Matsumoto S, Kim JM, Ishii A, 
Tanaka T, Kobayashi T, Tamai K, Ohtani K, Arai K. Phosphorylation of MCM4 by 
Cdc7 kinase facilitates its interaction with Cdc45 on the chromatin. J Biol Chem. 2006 
Dec 22;281(51):39249-61.  
Mimura S, Seki T, Tanaka S, Diffley JF. Phosphorylation-dependent binding of mitotic 
cyclins to Cdc6 contributes to DNA replication control. Nature. 2004 Oct 
28;431(7012):1118-23. 
Mimura S, Takisawa H. Xenopus Cdc45-dependent loading of DNA polymerase alpha 
onto chromatin under the control of S-phase Cdk. EMBO J. 1998 Oct 
1;17(19):5699-707. 
 106 
Montagnoli A, Valsasina B, Brotherton D, Troiani S, Rainoldi S, Tenca P, Molinari A, 
Santocanale C. Identification of Mcm2 phosphorylation sites by S-phase-regulating 
kinases. J Biol Chem. 2006 Apr 14;281(15):10281-90. 
Moyer SE, Lewis PW, Botchan MR. Isolation of the Cdc45/Mcm2-7/GINS (CMG) 
complex, a candidate for the eukaryotic DNA replication fork helicase. Proc Natl Acad 
Sci U S A. 2006 Jul 5;103(27):10236-41. 
Murakami H, Yanow SK, Griffiths D, Nakanishi M, Nurse P. Maintenance of 
replication forks and the S-phase checkpoint by Cdc18p and Orp1p.Nat Cell Biol. 2002 
May;4(5):384-8. 
 
Nguyen VQ, Co C, Li JJ. Cyclin-dependent kinases prevent DNA re-replication through 
multiple mechanisms. Nature. 2001 Jun 28;411(6841):1068-73. 
 
Nishitani H, Nurse P. p65cdc18 plays a major role controlling the initiation of DNA 
replication in fission yeast. Cell. 1995 Nov 3;83(3):397-405. 
Oehlmann M, Score AJ, Blow JJ. The role of Cdc6 in ensuring complete genome 
licensing and S phase checkpoint activation. J Cell Biol. 2004 Apr 26;165(2):181-90. 
Okuhara K, Ohta K, Seo H, Shioda M, Yamada T, Tanaka Y, Dohmae N, Seyama Y, 
Shibata T, Murofushi H. A DNA unwinding factor involved in DNA replication in 
cell-free extracts of Xenopus eggs. Curr Biol. 1999 Apr 8;9(7):341-50. 
 
Orphanides G, LeRoy G, Chang CH, Luse DS, Reinberg D. FACT, a factor that 
facilitates transcript elongation through nucleosomes. Cell. 1998 Jan 9;92(1):105-16. 
 
Orphanides G, Wu WH, Lane WS, Hampsey M, Reinberg D. The chromatin-specific 
transcription elongation factor FACT comprises human SPT16 and SSRP1 proteins. 
Nature. 1999 Jul 15;400(6741):284-8. 
 107 
Pasero P, Duncker BP, Schwob E, Gasser SM. A role for the Cdc7 kinase regulatory 
subunit Dbf4p in the formation of initiation-competent origins of replication. Genes 
Dev. 1999 Aug 15;13(16):2159-76. 
Pelizon C, Madine MA, Romanowski P, Laskey RA. Unphosphorylatable mutants of 
Cdc6 disrupt its nuclear export but still support DNA replication once per cell cycle. 
Genes Dev. 2000 Oct 1;14(19):2526-33. 
Perkins G, Diffley JF. Nucleotide-dependent prereplicative complex assembly by Cdc6p, 
a homolog of eukaryotic and prokaryotic clamp-loaders. Mol Cell. 1998 Jul;2(1):23-32. 
Petersen BO, Lukas J, Sørensen CS, Bartek J, Helin K. Phosphorylation of mammalian 
CDC6 by cyclin A/CDK2 regulates its subcellular localization. EMBO J. 1999 Jan 
15;18(2):396-410. 
Randell JC, Bowers JL, Rodríguez HK, Bell SP. Sequential ATP hydrolysis by Cdc6 
and ORC directs loading of the Mcm2-7 helicase. Mol Cell. 2006 Jan 6;21(1):29-39. 
Sancar A, Lindsey-Boltz LA, Unsal-Kaçmaz K, Linn S. Molecular mechanisms of 
mammalian DNA repair and the DNA damage checkpoints. Annu Rev Biochem. 
2004;73:39-85. Review. 
Sato N, Sato M, Nakayama M, Saitoh R, Arai K, Masai H. Cell cycle regulation of 
chromatin binding and nuclear localization of human Cdc7-ASK kinase complex. Genes 
Cells. 2003 May;8(5):451-63. 
Saunders A, Werner J, Andrulis ED, Nakayama T, Hirose S, Reinberg D, Lis JT. 
Tracking FACT and the RNA polymerase II elongation complex through chromatin in 
vivo. Science. 2003 Aug 22;301(5636):1094-6. 
 108 
Sheu YJ, Stillman B. Cdc7-Dbf4 phosphorylates MCM proteins via a docking 
site-mediated mechanism to promote S phase progression. Mol Cell. 2006 Oct 
6;24(1):101-13. 
Shimojima T, Okada M, Nakayama T, Ueda H, Okawa K, Iwamatsu A, Handa H, 
Hirose S. Drosophila FACT contributes to Hox gene expression through physical and 
functional interactions with GAGA factor. Genes Dev. 2003 Jul 1;17(13):1605-16. 
Shin JH, Grabowski B, Kasiviswanathan R, Bell SD, Kelman Z. Regulation of 
minichromosome maintenance helicase activity by Cdc6. J Biol Chem. 2003 Sep 
26;278(39):38059-67. 
Silva T, Bradley RH, Gao Y, Coue M. Xenopus CDC7/DRF1 complex is required for 
the initiation of DNA replication. J Biol Chem. 2006 Apr 28;281(17):11569-76. 
Speck C, Chen Z, Li H, Stillman B. ATPase-dependent cooperative binding of ORC and 
Cdc6 to origin DNA. Nat Struct Mol Biol. 2005 Nov;12(11):965-71. 
Stoeber K, Mills AD, Kubota Y, Krude T, Romanowski P, Marheineke K, Laskey RA, 
Williams GH. Cdc6 protein causes premature entry into S phase in a mammalian 
cell-free system. EMBO J. 1998 Dec 15;17(24):7219-29. 
Story RM, Steitz TA. Structure of the recA protein-ADP complex. Nature. 1992 Jan 
23;355(6358):374-6. 
 
Strausfeld UP, Howell M, Rempel R, Maller JL, Hunt T, Blow JJ. Cip1 blocks the 
initiation of DNA replication in Xenopus extracts by inhibition of cyclin-dependent 
kinases. Curr Biol. 1994 Oct 1;4(10):876-83. 
 
Tada S, Li A, Maiorano D, Méchali M, Blow JJ. Repression of origin assembly in 
 109 
metaphase depends on inhibition of RLF-B/Cdt1 by geminin. Nat Cell Biol. 2001 
Feb;3(2):107-13. 
 
Tada S, Chong JP, Mahbubani HM, Blow JJ. The RLF-B component of the replication 
licensing system is distinct from Cdc6 and functions after Cdc6 binds to chromatin. 
Curr Biol. 1999 Feb 25;9(4):211-4 
Takahashi TS, Walter JC. Cdc7-Drf1 is a developmentally regulated protein kinase 
required for the initiation of vertebrate DNA replication. Genes Dev. 2005 Oct 
1;19(19):2295-300. 
Takahashi TS, Wigley DB, Walter JC. Pumps, paradoxes and ploughshares: mechanism 
of the MCM2-7 DNA helicase. Trends Biochem Sci. 2005 Aug;30(8):437-44. 
Tan BC, Chien CT, Hirose S, Lee SC. Functional cooperation between FACT and 
MCM helicase facilitates initiation of chromatin DNA replication. EMBO J. 2006 Sep 
6;25(17):3975-85.  
 
Tanny RE, MacAlpine DM, Blitzblau HG, Bell SP. Genome-wide analysis of 
re-replication reveals inhibitory controls that target multiple stages of replication 
initiation. Mol Biol Cell. 2006 May;17(5):2415-23. 
 
Tercero JA, Longhese MP, Diffley JF. A central role for DNA replication forks in 
checkpoint activation and response. Mol Cell. 2003 May;11(5):1323-36. 
Tikhmyanova N, Coleman TR. Isoform switching of Cdc6 contributes to developmental 
cell cycle remodeling. Dev Biol. 2003 Aug 15;260(2):362-75. 
Tsuyama T, Tada S, Watanabe S, Seki M, Enomoto T. Licensing for DNA replication 
requires a strict sequential assembly of Cdc6 and Cdt1 onto chromatin in Xenopus egg 
 110 
extracts. Nucleic Acids Res. 2005 Feb 1;33(2):765-75. 
Wang B, Feng L, Hu Y, Huang SH, Reynolds CP, Wu L, Jong AY. The essential role of 
Saccharomyces cerevisiae CDC6 nucleotide-binding site in cell growth, DNA synthesis, 
and Orc1 association. J Biol Chem. 1999 Mar 19;274(12):8291-8. 
Walter J, Newport J. Initiation of eukaryotic DNA replication: origin unwinding and 
sequential chromatin association of Cdc45, RPA, and DNA polymerase alpha. Mol Cell. 
2000 Apr;5(4):617-27. 
Ward IM, Minn K, Chen J. UV-induced ataxia-telangiectasia-mutated and Rad3-related 
(ATR) activation requires replication stress. J Biol Chem. 2004 Mar 
12;279(11):9677-80. 
 
Weinreich M, Liang C, Stillman B. The Cdc6p nucleotide-binding motif is required for 
loading mcm proteins onto chromatin. Proc Natl Acad Sci U S A. 1999 Jan 
19;96(2):441-6. 
 
Wilmes GM, Archambault V, Austin RJ, Jacobson MD, Bell SP, Cross FR. Interaction 
of the S-phase cyclin Clb5 with an "RXL" docking sequence in the initiator protein 
Orc6 provides an origin-localized replication control switch. Genes Dev. 2004 May 
1;18(9):981-91. 
 
Wittmeyer J, Formosa T. The Saccharomyces cerevisiae DNA polymerase alpha 
catalytic subunit interacts with Cdc68/Spt16 and with Pob3, a protein similar to an 
HMG1-like protein. Mol Cell Biol. 1997 Jul;17(7):4178-90. 
 
Wittmeyer J, Joss L, Formosa T. Spt16 and Pob3 of Saccharomyces cerevisiae form an 
essential, abundant heterodimer that is nuclear, chromatin-associated, and copurifies 
with DNA polymerase alpha. Biochemistry. 1999 Jul 13;38(28):8961-71. 
 111 
Yanow SK, Gold DA, Yoo HY, Dunphy WG. Xenopus Drf1, a regulator of Cdc7, 
displays checkpoint-dependent accumulation on chromatin during an S-phase arrest. J 
Biol Chem. 2003 Oct 17;278(42):41083-92.  
Yim H, Jin YH, Park BD, Choi HJ, Lee SK. Caspase-3-mediated cleavage of Cdc6 
induces nuclear localization of p49-truncated Cdc6 and apoptosis. Mol Biol Cell. 2003 
Oct;14(10):4250-9. 
Yoon HJ, Loo S, Campbell JL. Regulation of Saccharomyces cerevisiae CDC7 function 
during the cell cycle. Mol Biol Cell. 1993 Feb;4(2):195-208. 
 
Zhao H, Piwnica-Worms H. ATR-mediated checkpoint pathways regulate 
phosphorylation and activation of human Chk1. Mol Cell Biol. 2001 
Jul;21(13):4129-39. 
